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Fine chemicals and natural product chemistry rely on enantiomerically pure compounds. 
The growing demand on these compounds has stimulated the research for efficient 
asymmetric processes, which provided high activity and selectivity with minimum energy 
consumption and minimum generation of byproducts.1  
In drugs and also in natural product chemistry, one enantiomer has the desired 
properties whereas the opposite enantiomer is either inactive or has undesirable side-
effects. The discovery of synthetic routes for obtaining enantiomerically pure compounds 
is therefore one of the most pursued goals in chemistry. Particularly, asymmetric 
catalysis is one of the most attractive approach because it can provide very high 
reactivity and selectivity.1 Usually, with this strategy, a transition-metal complex 
containing a chiral ligand catalyzes the transformation of a prochiral substrate to one 
enantiomer as major product. The importance of asymmetric catalysis is reflected by the 
many publications in this field and the Nobel Prize award in 2001 to W. S. Knowles, K. 
B. Sharpless and R. Noyori and in 2010 to E. Negishi, R. F. Heck and A. Suzuki.1  
To reach high levels of reactivity and selectivity, several reaction parameters need to be 
optimized. The design of a chiral ligand is perhaps one of the most crucial step. In this 
respect, the use of highly modular ligand scaffolds is desirable, because it facilitates the 
synthesis and screening of series of chiral ligands, known as ligand libraries, in the search 
for high activities and selectivities for each particular asymmetric reaction. One of the 
simplest way to obtain chiral ligands is to transform or derivatize natural chiral 
compounds (chiral pool), thus making tedious optical-resolution procedures 
unnecessary.1  
In this context, this thesis focuses on the development of new chiral ligand libraries, the 
synthesis of new chiral catalysts and their application in the Pd- and Cu-catalyzed 
asymmetric allylic substitution, Pd-catalyzed decarboxylative protonation of oxindoles, 
Ir-catalyzed asymmetric hydrogenation, Ir-catalyzed asymmetric hydroboration and Ni-
1,2-addition of organoaluminum to aldehydes. In following sections, we describe the 
background of each asymmetric catalytic reaction studied in this thesis. 
 
1.1.  Asymmetric allylic substitution reactions 
1.1.1. Pd-catalyzed asymmetric allylic substitution 
Stereoselective formation of C-C, C-N and C-O bonds is one of the most important 
challenges in organic synthesis. In this context, palladium-catalyzed allylic substitution 
has proved to be an efficient synthetic method for the synthesis of natural products, due 
to its mild reaction conditions, the compatibility with many functional groups and the 
often high enantioselectivity (Scheme 1.1).1,2 
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Scheme 1.1. Pd-catalyzed allylic substitution for the synthesis of natural products. 
The Pd-catalyzed allylic substitution consists in the reaction between an allylic racemic 
substrate which contains a leaving group (such as acetate or carbonate) and a 
nucleophile (usually carbanion or amine). Then, a nucleophilic substitution takes place 
and an either new carbon-carbon or carbon-nitrogen bond is generated (Scheme 1.2).2 
 
Scheme 1.2. Asymmetric allylic substitution reaction when symmetrical substrates are 
used: (a) dimethyl malonate (alkylation) and (b) benzylamine (amination). 
When symmetric substrate is employed (Scheme 1.2), the reaction proceeds via 
symmetrical -allyl intermediate. In this case, the enantioselectivity will be determined 
by the regioselectivity of the nucleophilic attack and therefore, depends on the ability of 
the chiral ligand (chiral Pd-complex) to differentiate between the two allyl termini.2 
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When racemic or prochiral substrate with two identical germinal substituents at one of 
the allyl termini (Scheme 1.3) reacts via the -ally intermediate, it can isomerize via the 
well-established mechanism.2 In this case, enantioselection can occur either in the 
ionization step, leading to the allyl intermediate, or in the nucleophilic addition. For these 
kind of substrates, not only the enantioselectivity of the process needs to be controlled, 
but also the regioselectivity is a problem because a mixture of regioisomers may be 
obtained.2  
 
Scheme 1.3. Asymmetric allylic substitution reaction when unsymmetrical substrates are 
used: (a) dimethyl malonate (alkylation) and (b) benzylamine (amination). 
In this context, most Pd-catalysts developed to date favor the nucleophilic attack towards 
the less substituted carbon, attaining the linear product. Therefore, the synthesis of 
highly regio- and enantioselective Pd-catalysts is still a challenge. In contrast to Pd, there 
are other metal-based catalysts such as Ir-, Ru-, W-, Mo-catalysts that provide very high 
selectivity towards the attack at the most substituted carbon, giving the desired 
branched product.2 
The allylic substrates tested in this process can be linear or cyclic although rac-1,3-
diphenylprop-1-enyl acetate S1 is considered as the benchmark substrate for testing the 
new catalytic systems (Figure 1.1).  
 
Figure 1.1. The most representative substrates for enantioselective allylic substitution. 
Regarding the metal source, Pd is the most extensively used transition metal. A wide 
range of carbon soft nucleophiles (those derived from conjugate acids with pka <25) 
have been employed in this process. Besides dimethyl malonate, which has become the 
standard nucleophile for testing proposes, many other stabilized carbanions bearing 
carbonyl, sulfone, nitrile or nitro groups have been also used.2 Amination has been also 
extensively studied (being benzylamine the benchmark N-nucleophile) but Pd-catalyzed 
allylic etherification, which has been less studied (mostly using benzylic alcohols as O-
nucleophiles), is still a challenge. There are less examples of enantioselective reactions 
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with non-stabilized nucleophiles such as diorganozinc or Grignard reagents and those 
are mainly limited to the use of Cu-catalysts3 (Section 1.1.2). 
 
1.1.1.1. The mechanism 
The catalytic cycle for Pd-catalyzed allylic substitution reactions with stabilized 
nucleophiles has been widely studied during the last decades. This is partly due to the 
relative ease to isolate the catalytic intermediate -allyl complexes D.2 The mechanism 
for palladium-catalyzed allylic substitution involves 4 steps (Scheme 1.4). The first step 
is the coordination of an allylic substrate B to the catalytic active specie A, which is Pd 
specie at 0 oxidation state. Both Pd(II) and Pd(0) species can be used as catalyst 
precursors because Pd(II) species will be reduced in situ by the nucleophile to Pd(0) 
form. The most widely used catalyst precursors are Pd2dba3.CHCl3 (dba= 
dibenzylidenacetone), Pd(OAc)2 and [Pd(C3H5)(-Cl)]2. The next step is the oxidative 
addition of complex C to form the -allyl intermediate D, which is normally the rate 
determining step of the reaction.2 The reason why racemic starting materials are used 
is because of the loss of stereochemistry once -allyl intermediate is formed. The product 
of this oxidative addition has to positions that are susceptible to nucleophilic attack (two 
terminal carbons of the allyl system). This attack will be controlled by the steric 
hindrance induced by chiral homodonor ligand or by electronic discrimination when 
heterodonor ligands are used. After the nucleophilic attack, an unstable Pd(0) olefin 
complex E is produced which rapidly undergoes dissociation, releasing product F.  
It is worth to mention that also the nucleophilic addition can be the rate determining 
step of the reaction, being both pathways (oxidative addition and nucleophilic attack) 
close in energy. Depending on the ligand used and also the substrate, those pathways 
can be differently favored.2  
As it has been mentioned before, the enantioselectivity of the process is controlled by 
the external nucleophilic attack on the most allylic carbon terminus of the -allyl 
intermediate D. Therefore, the intermediate D plays an important role in the catalytic 
cycle and it is recognized as the intermediate which controls the regio- and 
enantioselectivity. It is stable in the absence of nucleophile and its behavior can be 
studied by spectroscopic techniques. Due to dynamic behavior of this -allyl intermediate 
in solution, different isomers can be present (Figure 1.2).  
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Scheme 1.4. Catalytic cycle for Pd-catalyzed allylic substitution reaction. 
To achieve high enantioselectivities, the formation of only one isomer is needed, if we 
assume that reaction rates of all isomers are similar. 
 
 
Figure 1.2. Possible isomers adopted by -allyl palladium complex D. 
Both oxidative addition and nucleophilic attack take place stereoselectively with inversion 
of configuration. In that case, if the intermediate D does not undergo any isomerization 
that changes its configuration, the overall process proceeds with the retention of 
configuration; i.e. the nucleophile is introduced in the same side of the allyl plane that 
occupied the leaving group. 
1.1.1.2.  Ligands 
Most of the successful ligands developed for this process use either C2-symmetrical 
scaffolds to restrict the number of diastereomeric transition states and/or the ability of 
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the ligand to direct the approach to one of the allylic terminal atoms, by means of either 
a secondary ligand-nucleophile interaction; or the use of heterodonor ligands to provide 
an electronic differentiation of the two allylic terminal carbons. 
Concerning the secondary interaction of the nucleophile with the ligand, we can highlight 
the work of Hayashi and Ito et al. by the synthesis of 1 (Figure 1.3). By introducing a 
side chain into the ligand they were able to direct the approach of the nucleophile to one 
of the allylic terminal carbon atoms, providing high levels of enantioinduction.4  
 
Figure 1.3. Ferrocene-based phosphine. Example of a directing group ligand. 
In 2009, P.-O. Norrby in conjunction with G. C. Lloyd-Jones5 reported a DFT calculation 
analysis which determined that the 13-membered chelate ring of Pd-2 not only makes a 
chiral pocked where the substrate is embedded but also a secondary interaction which 
directs the nucleophilic attack (Figure 1.4). 6  This interaction is based on an H-bonding 
interaction between the nucleophile (enolate oxygen of dimethyl malonate) and the 
amide group of the ligand backbone. This interaction guided the enolate carbon to the 
proximal (pro-S) terminus of the 3-carbon of the allyl with a perfect selectivity. This 
hydrogen-bond directed delivery of the nucleophile has precedent in the elegant design 
of chiral ferrocene ligand 1 developed by Hayashi and Ito (Figure 1.3). 
 
Figure 1.4. Secondary interections of Trost ligand 2 reported by Norrby and Loyd-Jones. 
The other strategy consists on the use of heterodonor ligands, which create an electronic 
differentiation between both allylic carbons because of the different trans influences of 
the donor groups.  
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Figure 1.5. Example of electronic differentiation ligand. PHOX ligand. 
The first ligand based on this strategy was the phosphine-oxazoline PHOX ligand 3, 
developed by Pfaltz et al. (Figure 1.5).7 
In this context, this project will be focused in the third strategy, the application of 
heterodonor ligands to create electronic differentiation between both allylic carbons, 
more precisely in the application of P,N ligand in the Pd-allylic substitution reaction. 
Among heterodonor ligands, phosphorus-nitrogen ligands have been the most widely 
used, although other heterodonor ligands, such as phosphorus-thioether 8  and 
phosphorus-sulfoxide9 are emerging as alternative to P,N-based ligands. More recently, 
our group found that the use of biaryl phosphite-containing heterodonor ligands is highly 
advantageous by overcoming the most common limitations of this reaction which are 
low reaction rates and high substrate specificity.10 Introducing a biaryl phosphite was 
crucial because its larger -acceptor ability increases the reaction rates (lowering the 
energetic barrier of the nucleophilic attack, making the carbon trans to phosphite more 
electron-deficient and therefore, more reactive) and its flexibility allows the catalyst 
chiral pocket to adapt to both hindered and unhindered substrates.10  
The first successfully applied P,N-ligand to Pd-allylic substitution reaction was the 
phosphine-oxazoline PHOX ligand 3 (R= Me, Ph, iPr, tBu), developed simultaneously by 
Pfaltz, Helmchen and Williams.7 Unfortunately, these kind of ligands only provided 
excellent enantioselectivities when bulky benchmark substrate S1 was used. When less 
bulky dimethylated substrate S2 or cyclic substrate S3 were studied, enantioselectivities 
decreased up to 71% ee or to racemic mixtures. After that pioneering work, several 
modifications of that PHOX ligands have been made: replacing phosphine moiety by 
more electronically deficient phosphinite or phosphite and also replacing oxazolines by 
other sp2- or sp3-nitrogen donor groups. Next, some of the most successful P,N-ligands 
applied in the Pd-allylic substitution reaction will be summarized. 
 
1.1.1.3.  Phosphorus- sp2-nitrogen ligands 
The most widely used phosphorus-sp2-nitrogen ligands have been phosphine-oxazoline. 
Inspired by work done by Pfaltz, Helmchen and Williams7, almost all of them are 
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In 1998, Kunz and coworkers developed phosphine-oxazoline 4 (Figure 1.6) derived from 
D-glucosamine.11 Although high conversions and enantioselectivities were obtained with 
the benchmark substrate S1 (ee’s up to 98%) only moderate enantioselectivities were 
obtained for unhindered S2 (ee’s up to 69%). Ligand 4 was also tested in Pd-allylic 
alkylation of trisubstituted substrate S8, providing good enantioselectivities (ee’s up to 
88%). 
Moyano et al. introduced a ferrocenyl substituent on the oxazoline substituent of the 
PHOX ligand.12 Ligand 5 provided comparable enantioselectivities to those obtained by 
PHOX ligands 3 but its activity was much lower (7 days for 63% yield). This ligand was 
also tested for unhindered S2 and cyclic S3 substrates but enantioselectivities were poor 
(44% ee and 12% ee respectively).  
Moberg and coworkers13 studied the effect of introducing a new stereogenic center on 
the oxazoline ring (ligand 6 R1= Me, Ph; R2= H, Me). Similar high enantioselectivities for 
model substrate S1 were obtained compared to PHOX 3 results, but the allylic 
substitution of cyclic substrate S3 were higher but still low (ee’s up to 59%). 
Conformationally rigid ligand 7, developed by Zhang and coworkers in 2005, provided 
excellent results in terms of enantioselectivity (ee’s up to 98%) for hindered S1 but low 
enantioselectivities for unhindered S3 (ee’s up to 36%).14  
Zehnder et al. studied the effect of replacing oxazoline by a oxazine ring (ligand 8). The 
result for the model substrate S1 were comparable to those using PHOX ligand 3 but 
activities were much lower.15 
In 2007, Pericàs and Gómez groups16 synthesized ligand 9 (R= Me, Bn, CHPh2, CPh3, 
CH2CH2OMe) which presents two stereocentres on the oxazoline moiety. Those ligands 
were successfully applied in the Pd-allylic alkylation of standard substrate S1 in high 
enantioselectivity (97% ee). Less sterically hindered substrates S2 and cyclic S3 
provided lower enantioselectivities (ee’s up to 43 and 56% respectively). Ligand 9 
provided excellent enantioinduction when trisubstituted substrate S11 was studied (ee’s 
up to 94%) as well as high regio- and enantioselectivity for monosubstituted substrate 
S7 and S9 (93% towards branched isomer and 82% ee). 
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Figure 1.6. Selected phosphine-oxazoline type ligands. Study of the effect of oxazoline ring. 
A part from modifying oxazoline ring of PHOX-type ligands, the modification of the ligand 
backbone has also been studied (Figure 1.7). 
Tieze et al. replaced the benzene ring by a benzothiophene or benzofuran moiety (ligand 
10, X= S, O) 17 , but unfortunately these modifications provided somewhat lower 
enantioselectivities (ee’s up to 97%) than PHOX ligand 3. Later, Iamamoto’s group 
replaced the benzene ring by a methylene bridge, introducing also a stereogenic 
phosphine with a wide range of alkyl- and aryl-substituents on the phosphine (ligand 11, 
R1= Cy, tBu, Ph, 1-adamanthyl, CpFeCp; R2= Me, Cy; R3= H, Me, iPr; R4= H, Me, iPr, 
tBu).18 These modifications had a negative effect on both enantioselectivity (ee’s up to 
96%) and activity. 
The next modification was introducing a ferrocene moiety (ligand 12, R1= H, Me, Bn; 
R2= H, Me, tBu, Bn).19 This kind of ligands provided excellent enantioselectivities for 
alkylation of model substrate S1 (ee’s up to 99%). 
Also the effect of variating the positions of the phosphine moiety has been studied (ligand 
13, R1=iPr, tBu; R2= H, Me, Bn, SiMe3). Results were similar to those provided by ligand 
12.20 All authors agreed that planar chirality was decisive to control both absolute 
configuration and enantioselectivity.  
Another ferrocenyl-based phosphine-oxazoline ligand 14 (Ar= p-MeO, p-CF3, 3,5-CF3, 
R= iPr, tBu) has been successfully applied in the allylic alkylation of cyclic substrates S3-
S5 providing excellent enantioselectivities (ee’s up to 91%). 
Dai et al. synthesized ferrocene phosphine-oxazoline ligand 15 (R= iPr, Bn, Ph, tBu) in 
the allylic alkylation and amination of monosubstituted substrates S8-S9. Excellent 
regio- and enantioselectivities were achieved (99% branched selectivity and 97% ee and 
96% towards branched isomer and 97% ee, respectively).21 
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Figure 1.7. Selected phosphine-oxazoline type ligands. Study of the effect of ligand 
backbone. 
Groups of Ikeda and Pregosin developed ligand 16 (R1= Ph, 3,5-Me2-Ph; R2= iPr, tBu) by 
introducing a enantiomerically pure binaphthyl moiety.22 This ligand provided lower 
enantioselectivities than PHOX 3 (ee’s up to 97%). Absolut configuration of final product 
was determined by the configuration of the binaphthyl moiety.  
Zang et al. developed phosphine-oxazoline 17. This ligand presented an axial-unfixed 
biphenyl backbone. Once it coordinated to Pd, only (S)ax conformer was present in 
solution. This ligand provided 92% ee for standard allylic alkylation using S1 and 
dimethylmalonate as nucleophile.23 
Burgess et al. reported the application of ligand 18 (R1= Ph, oTol; R2= Me, tBu, 1-
adamantyl, CPh3).24 This kind of ligands provided excellent enantioselectivities for model 
substrate S1 (ee’s up to 98%) and also promising enantioselectivities for unhindered 
substrate S2 (ee’s up to 80%) and cyclic substrate S3 (ee’s up to 79%). 
Another modification was carried by Gates et al. who applied phosphaalkene-oxazoline 
19 in allylic alkylation of model substrate S1 and wide range of different carbon 
nucleophiles, achieving enantioselectivities up to 92%.25 Those enantiopure products 
were derivatized to cycloalkanes and other synthetically interesting products without 
losing enantioselectivity. 
Gilberston et al. reported a series of proline-based phosphine-oxazoline 20 (R= Ph, iPr, 
tBu, Bn). Those ligands were successfully applied in the allylic alkylation of unhindered 
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cyclic substrates S3-S5. Enantioselectivities up to 96% were obtained for S4 and the 
bigger the cycle was, the lower enantioselectivities were obtained.26 
The last two interesting modifications (21 and 22) were performed in the phosphine 
moiety, by replacing arylphosphine by CF3-phosphine. Those acceptor ligands were 
designed for monosubstituted substrates and they provided excellent regio- and 
enantioselectivities27,28. In this respect, You et al. synthesized 21 (R= iPr, Bn, Ph, tBu), 
based on a ferrocenyl backbone. It provided excellent regioselectivities (99% and 96% 
towards branched isomer) for S9 and for less sterically hindered S8, respectively. In 
both cases good to excellent enantioselectivities were achieved (ee’s up to 92% for S9 
and 88% for S8). 27  Shen et al. designed 22 (R= tBu, Ph, Bn, iPr), an electronic 
modification of PHOX ligand 3. Those ligands provided excellent results in terms of regio- 
and enantioselectivity for monosubstituted substrate S6 (96% towards branched product 
and 94% ee) and S7 (92% towards branched isomer and 93% ee). 28 
 
Phosphinite-oxazoline ligands 
Although numerous phosphine-oxazoline ligands have been successfully applied in 
several metal-catalyzed processes, only two families of phosphinite-oxazoline ligands 
have been successfully applied in the Pd-allylic alkylation (Figure 1.8).  
 
 
Figure 1.8. Phosphinite-oxazoline ligands 23 and 24 applied in Pd-allylic alkylation. 
First, Uemura and coworkers 29  reported the synthesis of pyranoside phosphinite-
oxazoline ligand 23. These ligands provided high enantioselectivities for model substrate 
S1 (ee’s up to 96%) but discreet enantioselectivities for unhindered S2 and cyclic S3 
substrates (ee’s up to 57% and 74%, respectively). 
The second family of phosphinite-oxazoline based ligands is 24. These phosphinite-
oxazoline 24 provided somewhat lower enantioselectivity than their phosphine 
analogues 18 (ee’s up to 96%).30 
 
Phosphite-oxazoline ligands 
The first successful application of phosphite-oxazoline was achieved by Pfaltz et al. in 
1997, who applied ligand 25 (Figure 1.9) in the Pd-allylic alkylation.31 This ligand was 
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design to overcome the problem of regioselectivity in the allylic alkylation of 
monosubstituted linear substrates S6-S9. They found that both regio- and 
enantioselectivity were affected by the substituents on the oxazoline and by the 
substituents/configuration of the biaryl phosphite moiety. 
 
 
Figure 1.9. Phosphite-oxazoline 25 and its effect on regioselectivity. 
An excellent regioselectivity (95% toward branched product) and enantioselectivities (up 
to 94%) were achieved. The success of this kind of ligand is due to the combination of 
two ligand parameters that direct the nucleophilic attack to the most substituted allyl 
carbon (Figure 1.9).31 The first parameter is the -acceptor ability of the phosphite 
moiety, which decreases the electron density of the allylic terminal carbon atom via trans 
influence, making the electrondensity difference between both allylic carbons higher. The 
second one is the introduction of a bulky biaryl-phosphite moiety which switches the 
equilibrium towards the desired Pd--allyl intermediate, which has the bulky substituent 
of the allyl substrate in the opposite side of the phosphite moiety, favoring the 
nucleophilic attack to the most substituted carbon trans to the phosphite moiety (Figure 
1.9). Those factors made that phosphite-oxazoline 25 provided high levels of 
regioselectivity. Despite this success, low enantioselectivities were obtained for 
disubstituted hindered S1 and unhindered S2 substrates.  
The same group also used TADDOL-based phosphite32 26 (R= iPr, tBu, Ph) and the same 
results were obtained: high regio- and enantioselectivities for monosubstituted 
substrates (>99% towards branched product and ee’s up to 99%) but low 
enantioselectivities (ee’s up to 56%) for disubstituted substrates S1 and S2. 
Gladiali et al. described the application of chiral (S)-binaphthalene-core ligands 28. 
Unfortunately, moderate enantioselectivities were achieved using model substrate S1 
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Figure 1.10. Phosphite-oxazolines 26 and 27 developed by Pfaltz and Gladiali, respectively. 
In order to find a more versatile phosphite-oxazoline ligand, which could overcome 
problems of enantioselectivity for disubstituted substrates S1-S2 while keeping high 
selectivities (both regio- and enantioselectivity) for monosubstituted substrates S6-S9, 
Diéguez et al. took phosphine-oxazoline PHOX 3 and replaced phosphine by a biaryl 
phosphite moiety (ligand 28, R= Et, iPr, tBu, Ph). The introduction the cheap and simple 
biphenyl moieties has 3 main benefits:34 
a) The activities increase thanks to the -acceptor capacity of the biaryl phosphite 
moiety (TOF’s > 2400). 
b) High enantioselectivities (ee’s up to 99%) for hindered S1 and unhindered S2 
disubstituted, cyclic S3-S5 and monosubstituted substrates S6-S9 using 
dimethyl malonate as nucleophile were obtained. 




Figure 1.11. Pd-catalyzed allylic alkylation using phosphite-oxazoline 28. 
These ligands 28 showed higher versatility than their phosphine-oxazoline PHOX 3 
analogues.34 After these significant results, more phosphite-oxazoline have been 
developed (Figure 1.12).  
Diéguez et al. applied pyranoside phosphite-oxazoline 29 (R= Me, iPr, tBu, Ph, Bn) a 
modification of Uemura’s phosphinite-oxazoline 20 (Figure 1.8).35 Replacing phosphinite 
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by phosphite moiety higher enantioselectivities were achieved: for hindered S1 (ee’s up 
to 99%), unhindered S2 (ee’s up to 81%) and cyclic S3 (ee’s up to 45%) and S5 (ee’s 
up to 95%). Also high regio- and enantioselectivities were achieved in monosubstituted 
substrates (80% regioselectivity and 90% ee).  
The same group also applied ligand 30 (R1= tBu, Ph, oTol, pTol, 2,6-Me2-Ph; R2= H, Me, 
R3= H, Me, Ph), a modification of 24 (Figure 1.8) by replacing phosphinite by a phosphite 
moiety. Excellent regio- and enantioselectivities were achieved for a wide range of 
disubstituted (S1 and S2 ee’s up to 96%), cyclic (S3 and S5 ee’s up to 83%) and 
monosubstituted substrates (>95% regioselectivity and 96% enantioselectivity).36  
All these examples corroborate the fact that these Pd-phosphite-oxazoline Pd-28, Pd-29 
and Pd-30 catalysts provide higher enantioselectivity than their phosphine/phosphinite 
analogues.10 
 
Figure 1.12. Representative phosphite-oxazoline ligands applied in Pd-allylic substitution. 
Phosphorus-other sp2-nitrogen ligands 
 
Although most of P,N ligands applied in the palladium allylic substitution contain an 
oxazoline as nitrogen donor group, heterodonor ligands with other sp2-nitrogen donor 
groups than oxazoline have been also applied. Next, the most important phosphorus-
other sp2-nitrogen ligands will be presented. 
 
Phosphine-based ligands 
Among other sp2-nitrogen ligands, phosphine-imine based ligands are the most applied 
(Figure 1.13). In this context, Chung et al. reported ligand 31 (R1= Me, Ph; R2= H, Me, 
Ph; R3= H, Me) which were successfully applied for the model substrate S1 (ee’s 
>98%).37 Later, the same author developed a cyclopentadiene manganese ligands 3238 
(R= tBu, Ph, Bn, CHPh2) and ferrocene derivatives 33 (R1= Me, Cy, Ph; R2= H, p-OMe, 
p-Cl, p-Me, p-NO2, m-MeO, m-Cl, m-NO2, o-NO2).39 Those ligands provided excellent 
results, which were comparable to those achieved with ligand 31. Attar’s group 
developed a second generation of ferrocene-imine ligands 34 obtaining somewhat lower 
enantioselectivities than previous ligands 31-33 (ee’s up to 94%).40  
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





Eycken et al. synthesized phosphine-imine 35 (R= H, p-Cl, p-Br) and they were applied 
in the allylic alkylation of benchmark substrate S1. Excellent enantioselectivities (ee’s 
up to 99%) were achieved with a wide range of carbon nucleophiles. Less sterically 
hindered substrate S2 and cyclic substrates S3-S5 were also studied, achieving 
moderate to excellent enantioselectivities (74-90% ee). 41 
Iwao et al. reported the synthesis of ferrocenyl-based imino-phosphine ligand 36 and its 
application in the Pd-allylic alkylation, achieving enantioselectivities up to 97% for 
benchmark substrate S1. Using DFT calculations, authors could determine that exo-
isomer was more stable than endo-isomer, predicting the absolute configuration of the 
outcome product.42 
In 2012, Jiang et al. developed phosphine-imine 37 (R= Ph, iPr) with Evan’s auxiliary as 
chiral moiety. Moderate to good enantioselectivities (ee’s up to 87%) were achieved 
using S1 with wide range of carbon nucleophiles. 43 
Xu et al. applied phosphine-imine 38 with a binaphthol as chiral moiety. Excellent 
enantio- and diastereoselectivities were achieved with a wide range of cianoesters 
derived from dimethyl malonate (99:1 dr and 99% ee) with benchmark substrate S1 
and different electronic modifications. 44 
 
 
Figure 1.13. Representative phosphine-imine ligands. 
Another successfully applied phosphine-other sp2-nitrogen ligand is phosphine-imine 39 
which provided excellent enantioselectivities (ee’s up to 94%) for a wide range of -
substituted dimethyl malonate-based nucleophiles.45 
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Very recently, Chen and Xu applied a D-Camphor-based phosphine-imine 40 (R= Me, 
Et).46 Authors found that the presence of D-Camphor as well as a methyl as substituent 
on the chiral imine were beneficial for the catalyst performance. Excellent 
enantioselectivities were achieved using S1 and several modifications of that 
diphenylated substrate. Authors could alkylate a broad range of dialkyl malonates and 
also -substituted dialkyl malonates, attaining enantioselectivities up to >99% ee. They 
were also able to extend the nucleophile scope, achieving excellent enantioselectivities 
(ee’s up to >99%) for the allylic amination of a wide range of N-nucleophiles (aryl, 
benzyl- and alkyl-amines). Moreover, ligand 40 provided enantioselectivities up to 
>99% in a wide range of benzyl- and alkylalcohols, providing excellent results for the 
allylic etherification in terms of both enantioselectivities and nucleophile versatility.  
Reggelin et al.47 designed phosphine-sulfoximine 41. This ligand provided excellent 
enantioselectivities for S1 (ee’s up to 95%) but low enantioinduction for cyclic S3 (ee’s 
up to 35%). Regarding sulfoximine-based ligands, Gais et al. developed ligand 42 and 
its application in allylic alkylation of benchmark substrate S1, achieving 
enantioselectivities up to 97%.48  
A part from phosphine-imine, phosphine-pyridine have emerged as an alternative to 
imines due to being more robust.49 However, only good enantioselectivities have been 
achieved when benchmark substrate S1 was used.  
Ligands 4350 and 4451 (R= Me, iPr, tBu) provided ee’s up to 96%. 
Jiang et al. prepared a pyridine ligand 45 based on [2.2]Paracyclophane backbone. This 
ligand was applied in the allylic alkylation of model substrate S1 and dimethylmalonate 
as nucleophile, achieving enantioselectivities up to 97%. 52 
Li et al. synthesized tetrahydroquinone-based phosphine-pyridine ligand 46 and it was 
successfully applied in the allylic alkylation of model substrate S1, attaining 
enantioselectivities up to 95% using a wide range of dialkyl malonates as nucleophiles.53 
 
 
Figure 1.14.  Representative phosphine-pyridine ligands. 
Another sp2-nitrogen donor group is imidazole, present as N-donor moiety in ligand 47, 
providing excellent enantioselectivity using model substrate S1 (ee’s up to 98%).54 
In 2011, Pericàs and Claver groups55 presented a phosphine-remote triazole 48. By DFT 
calculations they determined that the most stable Pd-48 complex was the one in which 
the coordinative nitrogen moiety was not the imidazole but the triazole moiety. Ligand 
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48 provided excellent enantioselectivities for benchmark substrate S1 in the alkylation 
using dimethylmalonate as nucleophile (ee’s up to 99%) and in the allylic amination 
using a wide variety of N-nucleophiles, achieving excellent enantioselectivities in S1 (ee’s 
up to 99%).  
 
 
Figure 1.15. Representative phosphine-other sp2-nitrogen ligands. 
Guiry et al. designed a series of quinazolinap ligands 49 (R1= Ph, 3,5-xylyl; R2= Adm, 
c-Bu, iPr). Authors found that the substituent on the 3-position of the quinazoline as well 
as the substituents on the phosphine moiety have an important role in tuning the 
reactivity in catalysis. They determined that enantioselectivity decreased when bulky 
substituents such as adamantly group were present in the quinazoline moiety. Excellent 
enantioselectivities were achieved when substituent in position 3 was an iPr (ee’s up to 
92% using benchmark substrate S1).56 
 
Phosphinite-based ligands 
Only 2 phosphinite-other sp2-nitrogen ligands have been successfully applied in the Pd-
allylic alkylation. 
Zhou et al. designed a cyclohexyl-based phosphinite-pyridine ligand 50, achieving 
excellent enantioselectivities when standard substrate S1 was studied (ee’s up to 
95%).57 
In 2010, Zhang et al. reported a family of carbohydrate-based imino-phosphinite ligand 
51 (Ar= Ph, p-Cl, p-OMe, p-NO2, o-CF3, m-Cl, m-NO2), which were successfully applied 
in the Pd-allylic substitution of S1 with different C- and N-nucleophiles, achieving 
enantioselectivities up to 92%.58 
 
 
Figure 1.16. Phosphinite -based other sp2-nitrogen ligands. 
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Only three groups have successfully reported the application of phosphite-other sp2-
nitrogen ligands (Figure 1.17).  
Gavrilov et al.59 developed P-chiral ferroncenyl imino diaminophosphite ligand 52 and its 
application in Pd-allylic substitution reaction of model substrate S1 achieving 
enantioselectivities up to 98%. The same group also applied phosphite-imine 53 in the 
allylic alkylation of model substrate S1, achieving enantioselectivities up to 94% ee.60 
The second group which have successfully applied phosphite-based other sp2-nitrogen 
ligands is Li et al. They applied phosphite-pyridine ligand 54 in the benchmark substrate 
S1 achieving enantioselectivities up to 95% ee. They also applied this ligand in the allylic 
alkylation of cyclic S3, but enantioselectivities decreased up to 80% ee.61 
 
 
Figure 1.17. Representative phosphite-other sp2-nitrogen ligands. 
The other group who have reported the application of phosphite-other sp2-nitrogen 
ligands is Diéguez et al. (ligands 55 -58).62 They developed phosphite-pyridine 55, 
phosphite-thiazoline 56, phosphite-oxazole 57, and phosphite-thiazole 58. All were 
successfully applied in the Pd-allylic substitution reaction, achieving excellent 
enantioselectivities (up to 99%) in a wide range of substrates (disubstituted S1-S2, 
cyclic S3-S5, monosubstituted S6-S9 and trisubstituted S10-S11) and different C-,N- 
and O- nucleophiles.62 
Phosphite-pyridine 5562b provided excellent results for all kind of substrates and C-, N-, 
and O- nucleophiles, achieving enantioselectivities up to 99%. A particular note were the 
high enantioselectivities (ee’s up to 99%) and activities for trisubstituted substrates 
S10-S11.  
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





Phosphite-thiazoline 5662c was designed to study the effect of replacing the oxazoline 
moiety (30, Figure 1.12) by a thiazoline. Results were complementary: whereas 
phosphite-oxazoline provided excellent results for linear substrates, phosphite-thiazoline 
56 provided excellent results for cyclic substrates (S3-S5, ee’s up to 94%). Both ligand 
families provided excellent regio- and enantioselectivities for monosubstituted 
substrates S6-S9 (90% regio and 95% ee).  
Phosphite-oxazole 57 provided excellent enantioselectivities for linear S1 (ee’s up to 
92%) and trisubstituted S10-S11 (ee’s up to 95%), whereas phosphite-thiazole 58 were 
good for more challenging linear substrate S2 (ee’s up to 92%).62a 
 
1.1.1.4.  Phosphorus- sp3-nitrogen ligands 
Phosphine-based ligands 
Although most of the phosphorus-nitrogen ligands applied in Pd-allylic substitution 
reaction have been phosphorus-sp2-nitrogen ligands, some heterodonors sp3-nitrogen-
containing ligands have been successfully applied. These ligands can be divided mainly 
in four families: 
The first ligands are variations of PHOX 3 ligand, where oxazoline moiety has been 
replaced by sp3-nitrogen heterocycles such as oxazolidines 5963 (R1= Me, Bu; R2= iPr, 
Ph, R3= H, Ph), oxazinanes 6064 (R= Et, Pr, Bu, Bn), imidazolidines 6165 and 6266 (R1= 
H, SiMe3; R2= Me, Et, Ph, OMe). All provided similar enantioselectivities in the Pd-allylic 
alkylation of standard substrate S1 (ee’s up to 99%). 
 
 
Figure 1.18.  PHOX-type phosphine-sp3 nitrogen ligands. 
In this second case, the enantioselectivity is provided from the axially chiral moieties: 
Azepine-type P,N ligands 63 and 64 have been successfully applied for the model 
substrate S1 (ee’s up to 97%) but poor results were obtained for unhindered substrate 
S2.67  
Mino et al. developed amino-phosphine 65 (R= OMe, Naph) which presented axial 
chirality. These ligands provided excellent results in the allylic alkylation of model 
substrate S1 (ee’s up to 99%) with a wide range of C-nucleophiles derived from dimethyl 
malonate.68 
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Figure 1.19. Axially chiral phosphine-amine ligands. 
Amino-phosphine 66 provided excellent results (ee’s up to 97%) for standard substrate 
S1. They also observed kinetic resolution phenomena, achieving also enantioenriched 
S1 from the reaction mixture (ee’s up to 98%), while attaining alkylated product in high 
levels of enantioselectivity.69 
The third class of ligands are P,N with stereogenic N-donor secondary amines 67 (R= 
Me, nBu, Ph). These ligands provided excellent enantioselectivities for model substrate 
S1 (ee’s 96%). 
 
Figure 1.20. Phosphine-stereogenic sp3-amine ligand. 
Last ligand family has a planar chirality, which comes from ferroncenyl moiety. Fukuzawa 
et al. developed ferrocene-based phosphine-amine 68. This ligand provided excellent 
enantioselectivities in the allylic alkylation and amination of standard substrate S1 (ee’s 
up to 96% and 90% respectively).70  
Ligand 69, developed by Kim and Jin71, provided excellent enantioselectivities for the 
alkylation of model substrate S1 (ee’s up to >99%). 
 
 
Figure 1.21. Selected ferrocene-based phosphine-sp3-nitrogen ligands. 
Phosphinite/N-phosphine-based ligands 
Only two successful examples are reported in the literature. Ligand 70, developed by 
Chan et al., have been successfully applied in the allylic alkylation of model substrate 
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S1, achieving enantioselectivities up to 95% ee. Authors found that secondary amines 
provided better enantioselectivities that tertiary amine-based ligands. 
N-phosphine 71, developed by Bujoli and Petit, also based on secondary amine moiety, 
exhibit a high enantioselectivity in the allylic alkylation of standard substrate S1 (ee’s 
up to 93%).72 
 
 
Figure 1.22. Selected phosphinite/aminophosphine-sp3-nitrogen ligands. 
Phosphite-based ligands 
As in phosphinite case, phosphite-based sp3-nitrogen ligands have been poorly studied, 
and only two successful examples are present in the literature. 
First example, reported by Zhang et al. is based on chincona alkaloid. Amino-phosphite 
72 provided excellent results (ee’s up to 94%) in allylic alkylation of standard substrate 
S1 with a wide variety of carbon nucleophiles such as malonates and acetylacetones.73 
The second example, developed by Nemoto and Hamada,74 is a unique case. Diaphabox 
ligand 73 is peculiar as the actual active species binding to the palladium is generated 
in situ. Ligand 73 comes from the P(V) analogue, which is reduced to PIII by BSA, 
achieving P-steregenic phosphite-type ligand. This ligand provided excellent 
enantioselectivities for benchmark substrate S1 (ee’s up to 99%). 
 
 
Figure 1.23. Phosphite-sp3-nitrogen ligands. 
1.1.2. Cu-catalyzed asymmetric allylic alkylation 
In contrast to other metals such as Pd, Mo and Ir, copper allows non-stabilized 
nucleophiles to be used (Scheme 1.5).3 Grignard reagents are the most employed C-
nucleophiles. Nevertheless, over the last years, the nucleophile scope has been 
expanded to include diorganozinc and triorganoaluminum species.  
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Scheme 1.5. Cu-catalyzed allylic alkylation (LG= leaving group)  
Whereas stabilized nucleophiles such as malonates undergo direct attack to the most 
electrophilic carbon atom of the -allylic system, non-stabilized nucleophiles undergo 
transmetallation with the copper to produce Cu-species A (Scheme 1.6).3i-k Then, 
oxidative addition of the substrate takes place, followed by reductive elimination, 
providing the new C-C bond formation. It is known that the nucleophile addition manner 
as well as the chiral ligand used have a strong influence on the regioselectivity.3i-k  
Regarding nucleophile addition, a fast addition usually provides the formation of the 
species B via double transmetallation, which undergo oxidative addition with the 
substrate. Then, due to steric hindrance of the metal center and the substrate, the -
allyl rearrangement takes place, shifting the -allyl complex equilibrium towards the -
substituted allyl system. Finally, reductive elimination takes place, providing the 
undesired linear product. 
 
 
Scheme 1.6. Catalytic cycle of Cu-catalyzed allylic alkylation reaction. (LG= leaving group, 
M’ = Mg, Zn or Al). 
In this section, an overview of best catalytic systems, based on the ligands used, as well 
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1.1.2.1. Grignard reagents as nucleophiles 
A review of the most successful catalytic systems developed to date using Grignard 
reagents as nucleophiles, reveals three main trends: thiolatocopper(I) compounds, 
phosphorus and carbene-based ligands. 
Thiolatocopper (I) compounds 
The use of Grignard reagents was first reported by Bäckvall and van Koten in 1995, using 
chiral copper thiolate 74 (Figure 1.24), yielding moderate enantioselectivities (ee’s up 
to 42%) for alkyl allylic acetates. Later, Bäckvall et al. developed a second generation 
of thiolatocopper(I) compounds (75 and 76) with a ferrocene backbone. Ligands 75 and 
76 provided enantioselectivities up to 64% ee. Results also indicated that 
enantioselectivity strongly depends on the reaction temperature, the coordination ability 
of the leaving group of the substrate as well as the nucleophile addition manner.75  
 
Figure 1.24. Thiolatocopper (I) chiral complexes developed by Bäckvall and van Koten. 
Phosphorus-based ligands 
Alexakis et al. were the first to study different type of phosphites and phosphoramidites 
(Figure 1.25).76 TADDOL-based phosphite 77 was firstly studied, and both high levels of 
regio- and enantioselectivity could be obtained (94% towards branched isomer and 82% 
ee). Later, the same group discovered that phosphoramidite 78 performed better than 
previously developed TADDOL-based phosphite (91% regioselectivity and 86% ee). They 
also studied the effect of replacing the biphenyl group by a chiral binaphthyl moiety 
(leading to ligand 79). The use of Cu-79 catalytic system provided excellent 
regioselectivities (typically >99%) albeit with moderate enantioselectivities (up to 74% 
ee). They were able to increase ee’s up to 96% when introducing methoxy groups at the 
ortho position of the aromatic ring on the amino group (ligand 80) maintaining the 
excellent regioselectivities (>99% towards branched isomer). 
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Figure 1.25. Phosphite- and phosphoramidite-based ligands for Cu-catalyzed allylic 
alkylation. 
Feringa et al. have also reported successful results77 by using ligands 81 and 82 (Figure 
1.26). Whereas ligand 81 provided excellent results in terms of both regio- and 
enantioselectivity (85% towards branched product and 85% ee) in the Cu-catalyzed 
allylic alkylation of cinammyl-type substrate using MeMgBr. The use of other Grignard 
reagents let to lower enantioselectivities. Nevertheless, ligand 81 has been also 
successfully applied in the allylic alkylation of non-traditional substrates such as hetero-
allylic substrates providing excellent regio- and enantioselectivities (regio’s up to 99% 
and ee’s up to 98%).77b The use of ligand 82 provided not only higher regio- and 
enantioselectivities for a range of cinammyl-type substrates than those with ligand 81, 
but also showed a much higher nucleophile scope. Thus, a range of Grignard reagents 
could be successfully used.   
 
 
Figure 1.26. Ferrocene-based diphosphine ligands developed by Feringa et al. 
Since then, great efforts have been carried out to expand Grignard reagents and 
substrate versatility. In this context, Tomioka et al. applied chiral amidophosphane 83 
(Figure 1.27) in the Cu-catalyzed allylic alkylation of cinammyl-type substrates.78 High 
enantioselectivities (up to 91% ee) were achieved with EtMgBr albeit with poor 
regioselectivity (62% towards branched product).  
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Later, in 2010 two successful applications of phosphorus ligands were reported. Zhang 
et al. applied chiral biphenyl-based diphosphoramidite 84 (Figure 1.27), which provided 
good levels of regio- and enantioselectivity (92% towards branched isomer and ee’s up 
to 88%).79 At the same time, Schmalz et al. reported the successful application of 
TADDOL-based phosphite-phosphine 85 (Figure 1.27), providing similar levels of regio- 
and enantioselectivity than Zhang’s diphosphoramidite 84.80 
 
 
Figure 1.27. Other successfully applied phosphorus-based ligands. 
Carbene-based ligands 
The third class of ligands employed in the Cu-AAA using Grignard reagents are carbenes 
(Figure 1.28). The first report by Okamoto et al. showed that the use of N-heterocyclic 
carbene 86 provided enantioselectivities up to 70% ee in the Cu-catalyzed allylic 
alkylation for difunctionalized substrates with Z double-bond geometry. It should be 
pointed out that the use of substrates with E-geometry provided the opposite enantiomer 
but in somehow lower enantioselectivity (up to 60% ee). 81  In 2009, Tomioka et al. 
improved their previous studied using phosphorus-based ligands, by employing chiral 
NHC ligand 87.82 The new Cu-87 catalytic system could catalyze the reaction between 
cinammyl bromide and PhMgBr, furnishing diarylalkenes in excellent regioselectivity 
towards branched product (95%) and almost perfect enantioselectivity (98% ee).  
In 2013, Mauduit et al. investigated the use of NHC 88 in the Cu-AAA of cinammyl 
phosphates with alkyl Grignard reagents, with high regio- (98% towards branched 
product) and enantioselectivities (ee’s up to 90%).83 
 
 
Figure 1.28. N-hererocyclic carbenes (NHC)-based ligands applied in the Cu-AAA. 
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1.1.2.2. Diorganozinc reagents as nucleophiles 
Diorganozinc reagents have been also widely used but with less extension than Grignard 
reagents. A review of the most successful catalytic systems developed to date using 
diorganozinc compounds as C-nucleophiles, reveals four main trends: amine-based 




In 1999, Dubner and Knochel reported the first allylic alkylation using diorganozinc 
compounds with ligand 89 (Figure 1.29). To attain high enantioselectivities, the system 
required a high ratio of ligand to copper, very low temperatures and the presence of 
bulky alkyl groups on the diorganozinc (ee’s up to 82%). Later, ligand 90, containing 
bulky tert-butyl groups, was found to be more effective than 89 (ee’s up to 96%).84 
 
Figure 1.29. First successfully applied ligands in the Cu-AAA using diorganozinc reagents. 
Later, Woodward et al. identified ligand 91, from a series of amines, that provided 
enantioselectivities up to 90% ee in the reaction of electron-deficient allylic halides with 
ZnEt2.85 They also found that the enantioselectivity was higher at the beginning of the 
reaction, decreasing while the reaction was ongoing. They attributed that phenomena to 
the formation of ZnCl2 during the reaction, shifting the Schlenk equilibrium towards 
EtZnCl, a non-selective reagent. To solve this problem, they added polymeric 
methylaluminum oxide (MAO) which was able to shift the equilibrium back to selective 
ZnEt2 (Scheme 1.7).  
 
 
Scheme 1.7. Amine-based ligands applied by Woodward et al. 
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Feringa et al. screened a series of phosphoramidite-based ligands and they observed 
that ligand 92 (Figure 1.30), H8-analogue of previously mentioned ligand 79, provided 
the best enantioselectivities (up to 88% ee) in the Cu-catalyzed allylic alkylation on 
cinammyl-type substrates. 86  Similarly, Alexakis et al. 87  reported higher 
enantioselectivities in that reaction using privileged binaphthol-based phosphoramidite 
80 (ee’s up to 91%). In 2009, Nakamura et al. reported the use of phosphine-based 
ligand 93. The authors suggested that the multiple chelating sites on the ligand (P-, O-
, N-) permitted the formation of a Cu/Zn bimetallic species, being the transition state a 
multichelating allyl system, promoting the anti-SN2’ oxidative addition, providing 
enantioselectivities up to 96% ee. 88 
 
 
Figure 1.30. Phosphine-based ligands applied in the Cu-AAA using diorganozinc compounds. 
Imine-containing ligands 
 
Another group of successfully applied ligands are imine-sulfonamides and imine-based 
peptide ligands. Gennari et al. tested a combinatorial library of 125 chiral imine-
sulfonamides. Ligand 94 (Figure 1.31) provided lower enantioselectivities for cinammyl-
type substrates (ee’s up to 30%) but surprisingly this ligand provided excellent results 
(ee’s up to 94%) in the desymmetrization of meso cyclic allylic bis(diethylphosphate). 89  
 
Figure 1.31. Sulfonamides and peptides as chiral ligand for the Cu-AAA. 
Hoveyda et al. reported a series of imine-based peptide ligands bearing a 
hydroxynaphthimine core. Using a combinatorial approach, they found that ligand 95 
could be successfully applied to the allylic alkylation of aryl-, alkyl- and vinyl-phosphates 
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and trisubstituted allylic systems, which allowed the formation of chiral quaternary 
centers. 90   
Carbene-based ligands 
 
Hoveyda et al. also disclosed new chiral bidentate carbenes 96 and 97 (Figure 1.32). 
The best results were obtained with carbene 97, which provided excellent 
enantioselectivities (up to 98% ee) with trisubstituted allylic phosphonates.91 
Mauduit et al. revealed that hydroxyalkyl NHC 88 provided excellent results in both 
regio- and enantioselectivities (up to 96% ee) in the Cu-catalyzed allylic alkylation of 
cinammyl-phosphates.92 
 
Figure 1.32. NHC-based ligands for the Cu-AAA using diorganozinc reagents as 
nucleophiles. 
1.1.2.3. Triorganoaluminum regents as nucleophiles 
Only few examples on the successful application of triorganoaluminum reagents in Cu-
catalyzed allylic alkylation have been reported to date (Figure 1.34).3 A review of the 
most successful catalytic systems developed to date using trialkylaluminum compounds 




Aminophosphine 98 and phosphoramidite 79 have been successfully applied in Cu-
catalyzed nucleophilic ring opening of bicyclic hydrazines using trialkylaluminum, 
achieving enantioselectivities up to 94% ee.93 
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Figure 1.33. Phosphorus-based ligands for Cu-AAA using triorganoaluminum reagents. 
Carbene-based ligands 
 
In 2008, Hoveyda et al. showed that Cu-complexes can catalyze the alkylation of allylic 
phosphates by vinylaluminum compounds. Those vinylaluminum reagents were prepared 
in situ by hydroalumination of alkynes and DIBAL-H (diisobutylaluminum hydride). NHC 
99 was unique on delivering both high regio- and enantioselectivities (93% yield and 
98% ee).94 Following their success using vinylaluminum reagents, the same authors 
investigated if phenylaluminum reagents could undergo allylic alkylation. Excellent 
results in terms of yields, regio- and enantioselectivities were obtained using ligand 100 
(yields up to 93%, regio’s up to 99% and ee’s up to 98%).95 
In 2011, the same authors discovered that ligand 100 could also catalyzed the Cu-
catalyzed allylic alkylation of alkynylaluminum reagents with allylic phosphates to form 
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1.2. Enantioselective synthesis of -aryl oxindoles via Pd-
decarboxylative protonation 
 
One of the most challenging problems in organic chemistry which needs to be overcame 
is the formation of stereoselective C-C bond between an aromatic carbon and a carbon 
 to a carbonyl group. Transition metal catalyzed -arylation has attracted considerable 
attention due to its versatility and utility of many medicinal targets. 97 
 
1.2.1. -Substituted oxindoles 
 
Oxindoles are endogenous aromatic organic compounds that are found in the tissues and 
body fluids of mammals. Oxindoles skeleton is also present in some natural products 
which present a wide range of properties and are reported to exhibit an extensive range 
of biological effects such as antiviral, antibacterial and anticancer activities (Scheme 
1.8).97 As C-3 substituted oxindoles present biological activity, many efforts have been 
made to prepare enantioselective -substituted oxindoles. 
 
 
Scheme 1.8. Oxindole-based biologically active products. 
Among -substituted oxindoles, -aryl oxindoles has been less developed and many 
efforts have to be made for their obtaining.  
First enantioselective approach was presented in 2001 by Hartwig et al. who reported 
the application of chiral carbene 101 in the palladium catalyzed asymmetric 
intramolecular cyclization for preparation of 3,3-disubstituted oxindoles (Scheme 1.9). 
Excellent conversions and promising enantioselectivities were achieved.98 
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Scheme 1.9. Synthesis of 3,3’-disubstituted oxindoles via Pd-intramolecular cyclization. 
However, such protocol 99  is unsuitable if onxindole core is already present in the 
substrate. For that reason, direct -arylation of carbonyl compounds have emerged as 
an alternative to cyclization method. 
 
1.2.2. -Arylation of oxindoles 
 
Metal-catalyzed -arylation of carbonyl compounds and related compounds have been 
achieved with a wide range of nucleophiles such as enolates of ketones, esters, nitriles 
and amides. The -arylation of amide enolates (Scheme 1.10) represents one of the 
most challenging chemical transformation due to the high pKa of the substrates, 
necessitating the use of strong bases which can limit the substrate scope. In addition, 
due to the strong basic media, the asymmetric -arylation of oxindoles has not been 
reported yet because of the easy racemization of that tertiary stereocentre in -position 





Scheme 1.10. Standard -arylation of oxindoles. 
1.2.2.1. Synthesis of 3-aryl oxindoles 
First palladium-catalyzed -arylation of oxindoles was reported by Willis’ 100  and 
Buchwald’s 101  groups independently in 2008. They reported the application of Pd-
phosphine 102 complexes which could catalyze -arylation of oxindoles. Good to 
excellent yields were obtained with a wide range of aryl halides. 
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Scheme 1.11. Pd-catalyzed -arylation of oxindoles reported by Willis and Buchwald. 
Also Buchwald in 2011 reported the application of Pd-complex 103 (Figure 1.35) in the-
arylation of oxindoles in continuous flow. 102  Using this methodology, excellent 
conversions could be obtained (up to 95%). 
Despite Pd-phosphine has been widely used as metal catalyst for -arylation of 
oxindoles, also Pd-carbene complexes 104 proved to be efficient 103  (Figure 1.35). 
Excellent conversions were obtained (up to 98%) using Pd-complex 104. 
 
 
Figure 1.35. Successfully applied Pd-complexes for the -arylation of oxindoles. 
1.2.2.2. Synthesis of 3,3-disubstituted oxindoles 
Metal-catalyzed synthesis of 3,3’-disubstituted oxindoles has been more widely explored 
than analogous monoarylated products and great and outstanding examples of 
asymmetric 3,3-disubtituted oxindoles have been reported.104-107 
Two strategies have been applied for their preparation, such as: metal-catalyzed direct 
-arylation, and phase transfer -arylation. 
For the first strategy, palladium, scandium and iron have been the most successfully 
applied metal-complexes.  
Buchwald et al. 104  reported the synthesis of 3,3-disubstituted oxindoles in high 
conversions and excellent enantioselectivities using chiral P-sterogenic-amine ligand 
105 (Scheme 1.12). 
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Scheme 1.12. Application of P-stereogenic phosphine-amine ligand for the formation of 3,3-
disubstituted oxindoles. 
Feng et al.105 designed ligand 106 that was applied to the enantioselective Sc-catalyzed 
arylation of 3-benzyl oxindoles achieving excellent results in terms of both conversion 
and enantioselectivity (up to 99% in both cases). Iron (III) has also proved to catalyze 
this reaction, as Li and Liu et al. reported recently106, achieving excellent yields up to 
97% with a wide range of aryl and alkyl substituents. 
 
 
Scheme 1.13. Successful -arylation of 3-substituted oxindoles. 
Last approach to the synthesis of 3,3-disubstituted oxindoles has been reported by 
Maruoka et al.107 It consists on the synthesis of 3,3’-diaryloxindoles by phase-transfer 
catalysis (Scheme 1.14). They applied chiral phosphonium-bromide salts 107 achieving 
excellent results in terms of both activity and enantioselectivity. 
 
Scheme 1.14. Synthesis of 3,3’-diaryloxindoles by phase-transfer catalysis. 
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1.2.3. Asymmetric Pd-catalyzed decarboxylative protonation 
 
 
Since the presence of high enantiopure tertiary -aryl carbonyls are prevalent structural 
motifs in many biologically active molecules and pharmaceuticals, the enantioselective 
protonation of achiral metal enolates or enol equivalents involving chiral proton sources 
is an efficient route to access carbonyl compounds with tertiary carbon stereocenters at 
-position. However, most of the reported methods are limited in substrate scope, few 
are catalytic, and they do not provide a general solution for the enantioselective 
protonation of enolates.108 
Pd-catalyzed decarboxylative protonation was first introduced by Stoltz et. al.109 where 
a prochiral enolate formed from the decarboxylation of S12-type substrates was 
intercepted by a proton source, leading tertiary -substituted ketones (Scheme 1.15). 
In that case, the reaction was only successful when the -substituent was an alkyl group. 
 
 
Scheme 1.15. Enantioselective protonation of racemic β-ketoesters. 
Due to the Pd-decarboxylative protonation developed by Stoltz et al. was not successful 
when an aryl group was present at -position to the carbonyl group, Guiry et al. 
developed an alternative. Their methodology was having the aryl group already 
introduced in the -position of carbonyl compound and, by Pd-catalyzed asymmetric 
decarboxylative protonation, generating the chiral steroecenter (Scheme 1.16).110, 111, 112 
 
 
Scheme 1.16. Pd-catalyzed asymmetric decarboxylative protonation of  
ketoesters. 
These aryllead triacetates have shown an important ability to -arylate β-ketoesters, 
even introducing sterically bulky aryl groups, generating a quaternary center in high 
yields.113,114 Despite its toxicity, the use of aryllead triacetates as arylating agents, allows 
the introduction of electronrich aryl groups whereas the use of non-toxic aryliodonium 
salts do not.115 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





1.2.3.1. The mechanism 
Although the mechanism for the asymmetric decarboxylative allylation of allyl -
ketoesters by Pd catalyst has been investigated both experimentally and 
computationally, the mechanism for the decarboxylative protonation is still not 
understood. The current mechanism proposal for decarboxylative protonation mainly 
relies on some preliminary kinetic experiments developed by Stoltz et al.116 ,117 
In this proposed catalytic cycle (Scheme 1.17), the Pd(0) active species A is obtained 
by the complexation of P,N-based ligand to Pd catalyst precursor. Then, alkene 
coordination takes place and this new Pd(0) complex C undergoes an oxidative addition 
forming an alkoxy intermediate D. Then, decarboxylation occurs leading the formation 
of a prochiral enolate E. This prochiral enolate E will attack to the acid proton of the 
proton source F by a proton transfer step providing the -substituted compound G. A 
reductive elimination will lead the regeneration of the active specie A and the formation 
of the side product monoarylated-H+ source J. By kinetics studies, Stoltz et al. 
determined that the amount of allyl ketoester B, over time, displayed a zero-order decay, 
suggesting that ketoester B reacts very fast generating the Pd-carboxylate D which 
undergoes further reaction in a slowest step.117 Although these results give some 
information regarding the first steps of the mechanism, further studies are required to 
elucidate the mechanism and the origin of the enanioselectivity.116 
 
 
Scheme 1.17. Catalytic cycle for the enantioselective Pd-catalyzed decarboxylative 
protonation of β-ketoesters. 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





In 2006, Stoltz et. al. achieved the successful enantioselective protonation of a wide 
scope of racemic β-ketoesters to produce chiral -tertiary cyclic ketones with high 
enantioselectivities (up to 92% ee) using PHOX-derived ligand 3 (Scheme 1.18).109  
A variety of achiral organic proton sources were tested and the commercially available 
meldrum’s acid was the proton source which provided better results. 
Bulky substituents on the oxazoline provided the best enantioselectivities for the 
decarboxylative protonation (92% ee), whereas diphosphine ligands provided almost 
racemic product (Scheme 1.18). 
 
 
Scheme 1.18. Ligand screening in asymmetric decarboxylative protonation. 
While these transformations were able to generate -tertiary ketones with a range of 
alkyl groups in excellent enantioselectivities and yields, only two examples have been 
described when the -substituent was an aryl group, all reported by Guiry et al. 
They reported the catalytic synthesis of isoflavanones from -aryl-β-ketoesters S14 
achieving high enantioselectivities (up to 97% ee) for a wide range of sterically hindered 
aryl groups, such as mono-ortho-substituted and di-ortho-substituted. 
  
 
Scheme 1.19. Synthesis of isoflavanone precursors.  
They applied the P,N-ligands 3 and 109 in the decarboxylative protonation of aryl-β-
ketoesters S14 for the formation of tertiary stereocenters to the first catalytic 
asymmetric synthesis of isoflavanones S15 (Scheme 1.20). Comparing tBuPHOX 3 and 
electron-deficient (S)-CF3-tBuPHOX ligand 109 (Figure 1.36), they found that electron 
deficient phosphines provided better enantioselectivities (78% ee compared to 92% ee 
respectively).  
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Figure 1.36. PHOX 3 and electron-deficient (S)-CF3-tBu-PHOX 109.  
Different aromatic substituted-moieties were studied to determine the influence on the 
enantioselectivity (Scheme 1.20). Authors found that bulky substituents on the aryl 
group, and also on the oxazoline moiety, play an important role in the enantioselectivity 
of the reaction. 
 
Scheme 1.20. Asymmetric catalyzed decarboxylative protonation of isoflavanones.  
Based on the catalytic results, they were able to propose that the key intermediate in 
this reaction consists, probably, in a prochiral palladium enolate. One of the ortho-
methoxy groups and the tBu group on the oxazoline combine to block the Re-face of the 
enolate and ensuring protonation by the Si-face. (Figure 1.37). 
 
Figure 1.37. Proposed transition state in asymmetric protonation. 
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Working on the synthesis of Sativanone (Figure 1.38),111 Guiry et al. found that changing 
the proton source, using formic acid instead of Meldrum’s acid, restores excellent 
enantioselectivity, but leading the opposite enantiomer. This phenomenon leads to think 
that the enantiodetermining step could be the proton transfer, and changing the proton 
source, the key intermediate would be different, and so will allow the switch of the 
enantioselectivity of the reaction (Scheme 1.21).111 
 
 
Figure 1.38. Sativanone. 
 
Scheme 1.21. Enantiodivergence observed with different proton sources. A: Meldrum's acid 
used as proton source. B:  Formic acid used as proton source. 
The ability to obtain both enantiomers of a particular chiral molecule using the same 
chiral ligand is a valuable methodology in organic synthesis and represents a significant 
challenge. Previously, dual stereocontrol has been achieved by variation of catalyst 
substituents, and changing the metal center or precursor. In this instance they have 
shown that these factors are not the cause of the observed switch in enantioselectivity.  
Interestingly, the rates of the reactions are significantly different; such that the 
Meldrum’s acid reaction is complete in 30 min, whereas the formic acid reaction takes 
up to 10 h. This may suggest the necessity for a carbopalladation to occur, which is 
subsequently quenched by formic acid. Alternatively, some pre-coordination of formic 
acid to the chiral Pd–enolate complex may result in an inner-sphere-type protonation to 
a different face of the enolate than with Meldrum’s acid. That should explain the reason 
why this switch in the enantioselectivity occurs. 
In 2014, Guiry and co-workers were able to generate enantiomerically enriched -aryl 
tertiary stereocenters in cyclic ketones S16-S17 via Pd-decarboxylative protonation 
approach using the same methodology as for the synthesis of isoflavanones (Scheme 
1.22).112 They could also see the influence of the substituents in the aryl group on the 
enantioselectivity: the more sterically hindered, the highest enantiodiscrimination is 
obtained. 
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Scheme 1.22. Asymmetric Pd-decarboxylative protonation. Generation of -tertiary 
stereocenters in cyclic ketones. 
 
1.3. Asymmetric hydrogenation of olefins 
 
Due to its high efficiency, atom economy and operational simplicity, the asymmetric 
hydrogenation of olefins can be a sustainable and direct synthetic tool for preparing 
enantiomerically pure compounds.1,118 Usually in this strategy, a chiral metal-complex 
catalyzes the addition of hydrogen to a prochiral substrate containing a double bound 
giving rise to a new chiral C-H bond.  
 
 
Scheme 1.23. Asymmetric M-catalyzed hydrogenation of olefins 
The first advances in asymmetric hydrogenation of olefins arose in the decade of 1970s 
with the use of rhodium and ruthenium catalysts modified with chiral diphosphine 
ligands.1,118 The manufacturing process of L-Dopa, which is used in the clinical treatment 
of Parkinson's disease developed by Montsanto,119 showed that these catalysts can be 
applied on an industrial scale. Since then, the hydrogenation has become a dominant 
methodology in asymmetric catalysis at both industrial and academic levels. 
1.3.1. Asymmetric hydrogenation of minimally functionalized olefins  
The reduction of minimally functionalized olefins represents one of the major challenges 
in the field of chemistry. Iridium complexes modified with heterodonor P,N ligands have 
become efficient catalysts for asymmetric hydrogenation of minimally functionalized 
olefins, as a complement of rhodium and ruthenium catalysts. 120  The asymmetric 
hydrogenation of alkenes by Rh(I) and Ru(II) complexes bearing diphosphine ligands 
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rely on the presence of a coordinating group in close proximity to the double bond (i.e. 
dehydroamino acids). This additional functional group is of particular importance because 
it works as a secondary complexation function in addition to the alkene functionality 
forming a chelate which limits the set of available conformations thus making easier to 
achieve high stereoselectivity.118 In contrast, iridium catalysts do not require the 
presence of an extra coordinating group to achieve high levels of enantioselectivity.120 
1.3.1.1. The mechanism 
Whereas the mechanism for the Rh-catalyzed asymmetric hydrogenation of olefins 
containing an adjacent coordinating polar group is well understood121, the mechanism 
for the Ir-catalyzed hydrogenation of minimally functionalized olefins has been less 
studied. In the case of Rh-catalyzed asymmetric hydrogenation, there are evidences that 
support a Rh(I)/Rh(III) mechanism where the rate of the reaction is determined by the 
oxidative addition of H2 and the stereochemistry of the product is provided by the 
coordination face of the olefin, controlled by the adjacent polar group.121  
Andersson et al. have used DFT (Density Functional Theory) calculations and a full 
experimentally tested combination of ligands and substrates to find that the catalytic 
cycle passed through Ir(III)/Ir(V) intermediates, but they failed to distinguish between 
the two Ir(III)/Ir(V) mechanisms. 122 One of the mechanisms includes the migratory 
insertion of one hydride onto the olefin followed by a reductive elimination (mechanism 
3/5-MI, Scheme 1.24) whereas the second mechanism involves a -metathesis also 
followed by a reductive elimination (mechanism 3/5-Meta, Scheme 1.24).  
In 2011, Hopmann et al. performed a computational study using a PHOX-based iridium 
catalysts, corroborating Andersson’s results. 123  At the same time our group in 
collaboration with Norrby's and Andersson’s groups performed a study with DFT 
calculations using iridium catalysts with phosphite-oxazoline ligand. 124  Both studies 
confirm that the hydrogenation of minimally functionalized olefins follows the 3/5-MI 
pathway, but energetic barriers between both catalytic cycles do not differ a lot to 
discriminate directly 3/5-Meta. 
Recently in 2014, Pfaltz et al. has been able to characterize by NMR the elusive 
catalytically competent intermediates [Ir(P-N)(H)2(H2)(alkene)], which further supports 
the Ir(III)/Ir(V) mechanism because an extra molecule of H2 was needed to hydrogenate 
the alkene. 125  They found that there are two dihydride-alkene intermediates in 
equilibrium via a dissociation/association process, differing by the coordinating face of 
the alkene. The configuration of the product obtained from the hydrogenation had the 
absolute configuration which requires coordination of the alkene, determined as the 
minor isomer. Thus, the pathway leading to the major enantiomer seems to proceed via 
a minor intermediate, similar to the mechanism of the Rh-catalyzed asymmetric 
hydrogenation. Also phosphite-thioether ligands have been used as models for DFT 
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calculations and HP-NMR, both cases, carried out by Diéguez et al. 126 Their results also 
confirmed the expected 3/5 catalytic cycle and the catalytic active species dihydride-
hydrogen-alkene that Pfaltz and co-workers125 also observed. 
 
Scheme 1.24. Proposed catalytic cycles 3/5-MI and 3/5-Meta for asymmetric hydrogenation 
of minimally functionalized olefins. 
1.3.1.2. Ligands 
During the 1970s, Crabtree et al. studied the properties of metal complexes of the type 
[M(cod)L2]X (M = Rh or Ir, (cod = 1,5-cyclooctadiene), L = phosphine ligand, X = Cl, 
BF4 or PF6) in alkene hydrogenation. After careful ligand-screening experiments, they 
discovered that replacing one of the phosphine ligands by a pyridine lead to a significant 
improvement of the catalytic properties of the Ir-catalysts. Thus, [Ir(cod)(Py)PCy3]PF6 
catalytic precursor 110 (so-called Crabtree's catalysts; Figure 1.39) is faster than the 
corresponding diphosphine catalyst and able to reduce tri- and tetrasubstituted non-
functionalized olefins efficiently.127  
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Figure 1.39. Crabtree’s catalyst 110. 
A breakthrough in this field occurred in 1998 when Pfaltz et al. used phosphine-oxazoline 
ligands PHOX 3 (Figure 1.40) to design [Ir(COD)(3)]PF6 128 , a chiral mimic of the 
Crabtree’s catalyst widely used in the not enantioselective hydrogenation of non-
functionalized olefins.  
Although this catalyst hydrogenated with high enantioselectivity E-trisubstituted olefins, 
it was unstable under the reaction conditions. Pfaltz overcame this problem by replacing 
the catalyst anion hexafluorophosphate to tetraquis[3,5-bis(trifluoromethyl)phenyl] 
borate, [3,5-(F3C)2-(C6H3)4B]- (BArF), which is less coordinative. The result was 
[Ir(cod)(3)]BArF 111 (Figure 1.40) an active, enantioselective and stable catalyst, for 
the hydrogenation of minimally functionalized olefins, albeit with relative moderate 
scope.128, 129, 130 
Since this discovery, the research has been mainly focused in the synthesis of new chiral 
P,N ligands.120 Therefore, the phosphine moiety has also been replaced by a phosphinite 
or phosphite group and the oxazoline moiety by other N-donor groups (such as pyridine, 
imidazole, thiazoline, oxazole and thiazole). The backbone of the ligand has been also 
modified. More recently, the nature of the N-donor group has been replaced for S-,126,131 
and O-donor132 groups as well as the phosphorus moiety has been replaced by strongly 
-donor carbene moieties.133 These modifications have led to the discovery of new 
ligands that have increased the scope of the hydrogenation of minimally functionalized 
olefins.  
In the next sections we summarized the most relevant catalytic systems reported for 
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Soon, after the success of the PHOX ligands in this process, Kündig et al. reported a 
modification in the oxazoline moiety with the development of phosphine-benzoxazine 
analogues 112 (R= tBu, iPr).134 The presence of bulky substituents such as tert-butyl at 
the oxazine group provided high enantioselectivities (ee’s up to 89% for S19 and 55% 
ee for S20) but these enantioselectivities were lower than those obtained with PHOX 
ligand 3. 
The rest of new phosphine-oxazoline ligands developed for the Ir-catalyzed 
hydrogenation were based on modifications of the ligand backbone.  
Previously mentioned ligands 18 (R1= Ph, o-Tol and R2= Me, tBu, 1-Ad, CPh3)135 , 
developed by Burgess et al., were applied in the hydrogenation of several aryl-alkyl 
alkenes. These ligands proved to be more efficient than the PHOX ligands 3 in the 
hydrogenation of Z-trisubstituted alkenes (ee’s up to 75% for S21) while ee’s for the 
reduction of E-trisubstituted alkenes were lower (ee’s up to 72% and 67% for S22 and 
S25 respectively). This development promoted a further modification of ligands 13 by 
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introducing again the ortho-phenylene motif of the PHOX ligands. In this respect, the 
previously mentioned ligands 7 (R1= Ph, Cy and R2 = tBu, 1-Ad, CHPh2, 3,5-tBu2-Ph), 
developed in Zhang’s group, proved to be excellent in the hydrogenation of trans--
methyl stilbene derivatives S18 (ee’s up to 99%) and higher enantioselectivity for S24, 
bearing an ester group (ee’s up to 99%).136 
In 2003, Cozzi et al. reported the development of ligands 113, in which the phenyl ring 
of the PHOX ligands was replaced by a thiophene group (R1= Ph, o-Tol, Cy and R2= iPr, 
tBu).137 The application of ligands 115 indicated that this modification also led to high 
enantioselectivities in the hydrogenation of S19 (ee’s up to 99%) and also for S25 (ee’s 
up to 94%). These ligands were also applied in the hydrogenation of imines, giving 
promising enantioselectivities up to 86%. 
Then, in 2007 Pfaltz et al. synthesized a series of simple and readily accessible 
phosphine-oxazoline ligands 114 which formed a 5-membered chelate ring when 
coordinated to iridium (R1= Ph, o-Tol, Cy, tBu and R2= iPr, tBu, Ph, Bn).138 Interestingly, 
this family of ligands has proved to be the most efficient catalyst system in the 
hydrogenation of challenging tetrasubstituted alkenes. Excellent conversions and 
enantioselectivities were achieved in model substrate S23 (99% conv. and 97% ee) as 
well as in a wide range of tetrasubstituted alkenes with different electronic and steric 
properties. 
 
Figure 1.41. Most relevant phosphine-oxazoline ligands. 
In 2008, on the basis of PHOX ligands, Hou et al. developed new phosphine oxazoline 
ligands 115 in which the flat ortho-phenylene group was replaced by benzylic type group 
(R1= Ph, o-Tol, p-Tol and R2= Me, iPr, tBu).139 These ligands were successfully applied in 
the Ir-catalyzed asymmetric hydrogenation of a wide range of E-trisubstituted aryl/alkyl 
alkenes S18-S20, unsaturated esters S24, allylic alcohols S25, ketones S26 and 
S27, providing excellent enantioselectivities up to 99% ee.   
Pfaltz et al. also further modified PHOX ligands by replacing the ortho-phenylene tether 
by a branched alkyl chain (ligands 116, R1= Ph, o-Tol, Xyl and R2= iPr, tBu, Bn).140 These 
ligands provided higher enantioselectivities in the hydrogenation of trisubstituted E- and 
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Z-aryl alkenes (S19-S21) than the PHOX ligands (ee’s up to 98%) as well as for 1,1’-
disubstituted alkenes S28 (ee’s up to 66%) and allylic alcohols S15 and unsaturated 
esters S14 (ee’s up to 96%). The authors demonstrated the potential of ligands 118 
with the synthesis of (R)-7-demethyl-2-methoxycalamenene an antitumor natural 
product, achieving this natural product in 96% ee.  
Zhou et al. reported a new family of spiro phosphine-oxazoline ligands 117 (R1= Ph, 
3,5-Me2-Ph, 3,5-tBu2-Ph and R2= Bn, Ph, Me, H). 141  These ligands were extremely 
effective in the hydrogenation of both -aryloxy and -alkoxy--unsaturated carboxylic 
acids, achieving enantioselectivities up to >99% ee. Other spirocyclic phosphine-
oxazoline ligands 118 (R1= o-Tol, Ph and R2= Ph, Bn), developed by Zhang and Ding, 
were used in the asymmetric hydrogenation of -aryl-substituted unsaturated 
carboxylates, providing excellent results in terms of both conversion and 
enantioselectivity (99% conv. and 96% ee).142 These latter spiro phosphine-oxazoline 
ligands were also successfully applied in the hydrogenation of ,β-unsaturated Weinreib 
amides 143  and β-disubstituted enones, 144  achieving in both cases excellent 
enantioselectivities (ee’s up to 97% and >99%, respectively). 
 
N-phosphines/phosphinite-oxazoline ligands 
Also N-phosphine-oxazoline ligands have been reported to be successful for Ir-catalyzed 
hydrogenation of minimally functionalized olefins.  
In 2001, the Pfaltz et al. modified the PHOX ligands by replacing the ortho-phenylene 
group by a pyrrole as linker to the phosphorus, leading to ligands 119 (R1= Ph, o-Tol, 
Cy and R2= iPr, tBu).145 Enantiomeric excesses surpassed those previously obtained with 
the PHOX ligands 3 in all kind of substrates S19, S20 and S24. Nevertheless, the 
enantioselectivities for Z-trisubstituted olefins S15 were not above 80% ee, even 
achieving higher enantioselectivity than PHOX ligand 3. 
Later, Gilberston et al. developed the proline-based N-phosphine-oxazoline ligands 120 
(R1= Ph, o-Tol and R2= iPr, tBu) that provided lower enantioselectivities than previous 
pyrrole-based ligands 119.146 
 
Figure 1.42. The most relevant N-phosphine-oxazoline ligands. 
Andersson et al. developed ligands 121 and 122 for this process (121; R1= Ph, o-Tol, 
Cy; R2= H, tBu, Ph and R3= H, Ph; and 122; R1= Ph; R2= H, iPr, Ph and R3= H, iPr, 
Ph).147,148 Ligands 121147, which are based on a rigid bicyclic backbone, provided higher 
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enantioselectivities than 122148, with a more flexible backbone. [Ir(121)(cod)]BArF 
catalyst precursors afforded high enantioselectivities in the hydrogenation of enol 
phosphinates S30-S32147b,c, vinyl silanes S33147d, fluorinated olefins S34147e, and vinyl 
boronates S35-S36147f as well as -unsaturated lactones S37 and -unsaturated 
acrylic esters S38147g (Figure 1.43). 
 
 
Figure 1.43. Representative challenging substrates hydrogenated by Ir-121 complex, 
developed by Andersson et al. 
Only three families of phosphinite-oxazoline ligands have been successfully developed 
for the Ir-asymmetric hydrogenation (Figure 1.39).149,150,151  
The first family of phosphinite-oxazoline ligands (ligands 24) was reported by Pfaltz et 
al.149 Ligands 24 (R1= Ph, o-Tol, Cy; R2= tBu, Ph, ferrocenyl, 2-Naph; R3= H, Me, 3,5-
Me2-Ph and R4= Me, iPr, tBu, Bn) constitute one of the most privileged ligands for this 
process. These ligands therefore provided excellent enantioselectivities in the 
hydrogenation of a broad range of both E- and Z-trisubstituted olefins S19 (99% ee), 
S20 (99% ee) and S21 (92%ee), including -unsaturated esters S24 (94% ee) and a 
limited range of more challenging terminal olefins S28 (ee’s up to 94%) as well as 1,1’-
disubstituted enamines with enantioselectivities up to 93% ee. Very recently, Pfaltz et 
al. have successfully applied Ir-24 complexes in the hydrogenation of unsaturated 
nitriles with excellent enantioselectivities (ee’s up to 99%).149e 
The second family of phosphinite-oxazoline are ligands 123 (R1= Ph, o-Tol and R2= iPr, 
tBu). It is based in the previous 24 in which the alkyl chain is bonded in the carbon 2 
instead of the carbon 4 of the oxazoline moiety, shifting the chirality from the alkyl chain 
to the oxazoline moiety.150 The scope of these ligands is narrower in comparison with the 
privileged phosphinite-oxazoline ligands 24, however, they are complementary. 
Therefore, ligands 123 provided high enantioselectivities for allylic alcohols S25 (97% 
ee) and alkenes bearing heteroaromatic substituents and terminal boronic esters with 
enantioselectivities up to 96% ee. 
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Last successful phosphinite-oxazoline has been developed by Kazmeier et al. Ligand 124 
have provided excellent enantioselectivities for linear and cyclic unsaturated ketones 
S26 and S27, achieving excellent enantioselectivities up to >99%.151 
 
 
Figure 1.44. The most relevant phosphinite-oxazoline ligands. 
Phosphite/phosphoramidite-oxazoline ligands 
Despite the advantages of phosphite/phosphoramidite ligands in asymmetric 
catalysis120,152 only few families of phosphite/phosphoramidite-oxazoline ligands have 
been applied in Ir-catalyzed asymmetric hydrogenation of minimally functionalized 
olefins. Ligands 125 (R1= Ph, o-Tol, Cy, 3,5-Xyl-(CH2)4; R2= SO2-Ph, 3-OMe-Ph, 4-OMe-
Ph, 4-tBu-Ph, 4-Ph-Ph, 2-Naph and R3= tBu, Ph) provided lower enantioselectivities and 
activities than their related phosphinite/phosphine-oxazoline ligands. 153  They also 
required a higher catalyst loading (4 mol%) and higher pressures (100 bar) to achieve 
full conversions. 
In 2008, Diéguez et al. reported the first successful application of phosphite-oxazoline 
ligands for this process. Previously described pyranoside phosphite-oxazoline ligands 29 
(R1= Me, iPr, tBu, Ph, Bn) provided excellent enantioselectivities in the hydrogenation of 
a wide range of E- and Z-trisubstituted olefins, including triaryl-substituted alkenes and 
4-methyl-1,2-dihydronaphthalenes (ee's up to >99%).124,154Moreover, ligands 29 also 
provided excellent enantioselectivities for the more challenging 1,1’-disubstituted olefins 
and also to -unsaturated ketones and esters, allylic alcohols and vinyl silanes (ee's up 
to >99%).  
Biaryl phosphite-oxazoline ligands 30 (R1= Ph, 4-Me-Ph, 4-CF3-Ph; R2= H, Me and R3= 
H, Me), which are based on privileged phosphinite-oxazoline ligands 16, have been 
successfully applied in the hydrogenation of a wide range of E- and Z-trisubstituted 
olefins S18-S21, 1,1’-disubstituted alkenes S28, and alkenes containing a neighboring 
polar group (ee's up to >99%).155 These results clearly indicated that introducing a biaryl  
phosphite moiety in the ligand design was highly advantageous in terms of substrate 
versatility.  
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Figure 1.45. Successfully applied phosphite/phosphoramidite-oxazoline ligands. 
In 2014, Diéguez in collaboration with Andersson, designed a modification of the 
previously described 121 by replacing the N-phosphine by a phosphoramidite moiety. 
This phosphoramidite-oxazoline 126 provided excellent results in terms of both, 
conversions and enantioselectivities, achieving excellent results even with the more 
challenging Z-alkenes S21 (ee’s up to 96%).156 
 
Phosphorus-other-sp2-nitrogen donor ligands 
As mentioned previously, phosphorus-oxazoline ligands have played a dominant role in 
the iridium-catalyzed hydrogenation of minimally functionalized olefins. However, in the 
recent years, the research has focused on the design of ligands containing other nitrogen 
donor groups more robust than oxazolines. In this section, a collection of the most 
representative phosphorus/other nitrogen donor ligands will be presented.  
 
Phosphorus-pyridine ligands 
In this respect, the use of pyridine-containing ligands as an alternative to oxazolines is 
of interest due to the robustness and the easy incorporation of the pyridine group. Only 
few pyridine-containing ligands have provided outstanding results in terms of 
enantioselectivity and substrate versatility.  
To mimic the coordination sphere of Crabtree’s catalyst, Knochel et al. designed a new 
kind of chiral P,N ligands that incorporated a pyridine moiety as N-donor group. They 
prepared phosphine-pyridine ligand 127157 (R1= Ph, Cy,; R2= H, Ph; R3= H; R2-R3= CH-
CH=CH-CH) for the hydrogenation of trisubstituted olefins and obtained moderate-to-
high enantioselectivities in the reduction of E-stilbenes derivatives (ee’s up to 96%). 
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Figure 1.46. Representative example of phosphorus-pyridine donor ligands. 
Pfaltz et al. developed the first generation of phosphinite-pyridine ligands 128158 (R1= 
Ph, o-Tol, Cy, tBu and R2= Me, tBu, Ph, CPh3), which was successfully applied in the 
hydrogenation of trisubstituted olefins S19-S21 (ee’s up to 96%, 87% and 90%, 
respectively), and olefins containing a neighboring polar group such as S24 and S25, 
achieving enantioselectivities up to 96% ee. Moreover, tetrasubstituted olefins S17 could 
be hydrogenated in full conversion and 81% ee. Although good enantioselectivities were 
obtained, the substrate versatility was not broad.  
In order to increase the rigidity in the alkyl bridge moiety, ligands 129 were developed 
(R1= Ph, o-Tol, Cy, tBu; R2= H, Ph, Me and R3= H, Me).159 This ligand family has become 
one of the most powerful pyridine-containing ligand for Ir-hydrogenation of minimally 
functionalized olefins. These ligands have efficiently hydrogenated all kind of 
trisubstituted olefins, including furans and benzofurans derivatives S40-S43 and pure 
alkyl trisubstituted alkenes S44-S46 in high enantioselectivities as well as trisubstituted 
pinacol derived boronic esters S47-S48, -unsaturated lactones S37 and N-protected 
indoles S49-S50 (Figure 1.47). 
In 2007, phosphine-quinoline ligand 108 was developed by Li et al.160 That ligand 
presented axial chirality and was applied in the Ir-hydrogenation of trisubstituted olefins 
with promising results (ee’s up to 95% for both E- and Z-isomers S20-S21).  
In 2013, Diéguez et al. reported a modular library of readily available phosphite-pyridine 
ligands 55 (R1= H, Me, Br, Ph, Quin and R2= Me, tBu, Ph).161 Ligands 55 showed higher 
substrate versatility than related phosphinite-based ligands 128. Excellent 
enantioselectivities (ee’s up to 99%) have been therefore obtained in a wide range of E- 
and Z-trisubstituted alkenes, including more demanding triaryl-substituted olefins and 
dihydronaphthalenes S39. Moreover, this phosphite-pyridine family extends its good 
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performance to the very challenging class of terminal disubstituted olefins S28, and to 
olefins containing neighboring polar groups.  
 
Figure 1.47. Substrate scope for the hydrogenation of olefins using Ir-129. 
Recently, in 2014, group of Qu162 presented P-stereogenic phosphine-pyridine ligand 
130. This ligand was successfully applied in the hydrogenation of tetrasubstituted 
olefins, providing full conversion and enantioselectivities up to 80% ee. Moreover, this 
Ir-130 catalytic system could also enantioselectively hydrogenate susbtarte S19 (90% 
ee), dihydronaphthalenes S39 (76% ee) and allylic alcohols S24 (86% ee). 
Another interesting approach is the replacement of oxazoline by imidazole, oxazole or 
thiazole and thiazoline groups (Figure 1.48). 
  
Imidazole/Oxazole/Thiazole/Thiazoline-phosphorus ligands 
The first application of this type of ligands was reported by Pfaltz et al. using phosphine-
imidazole ligands 131 (R1= Ph, o-Tol; R2= iPr, tBu; R3= iPr, tBu, Cy, Ph, Bn, p-Tol).163 
The advantage that this kind of ligands present is the introduction of an extra substituent 
at the nitrogen of the N-donor group. Ligand 131 provided better enantioselectivities in 
Z-alkenes S21 compared to PHOX 3 (ee’s up to 88 compared to those ee’s up to 42% 
obtained using PHOX 3). The same group also replaced the substituent in the nitrogen 
of the imidazole group by an anionic substituent, achieving zwitterionic iridium 
complexes. Unfortunately, that derivatization had a negative effect on the 
enantioselectivity.164 Andersson et al. developed phosphine-imidazole 132 (R1= Ph, o-
Tol, 3,5-diMe-Ph), which provided enantioselectivities up to 98% ee in the hydrogenation 
of unfunctionalized alkenes.165 Also Andersson reported a family of phosphinite-oxazole 
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ligands 133 (R= Ph, o-Tol, 3,5-diMe-Ph)166 and phosphine-thiazole ligands 134 (R1= Ph, 
o-Tol, R2 = H, Ph).167 Both families of ligands provided high enantioselectivities in the 
hydrogenation of both E- and Z-aryl/alkyl trisubstituted olefins becoming valuables 
ligands in the hydrogenation of minimally functionalized olefins. Ligands 134 have also 
proved to be optimal for the hydrogenation of cyclic alkenes, dienes, 1,1’-diaryl 
trisubstituted olefins, trifluoromethyl-containing olefins and vinyl silanes.167 
The same authors also developed N-phosphine thiazole 135 and 136. N-phosphine-
thiazole 135168 allowed to expand the substrate versatility of the catalytic system. 
Therefore, high enantioselectivities were achieved in the hydrogenation of fluorinated 
olefins, diphenylphosphine oxides and vinyl phosphonates, becoming one of the most 
privileged ligands for the Ir-hydrogenation of minimally functionalized olefins. N-
phosphine-thiazole 136 (R1= Ph, o-Tol and R2= Me, tBu, Ph)169 has a rigid bicyclic 
backbone and allows achieving high enantioselectivities in the reduction of E-
trisubstituted olefins (ee’s up to 97%) but enantioselectivities for Z-olefins decreased to 
83%. Interestingly, Ir-136 catalytic system provided excellent enantioselectivities for 
the hydrogenation of vinyl boronates. Those results complement perfectly with the N-
phosphine-oxazoline 121 (Figure 1.42), which could enantioselectively hydrogenate 
monoborated substrates. Recently, Andersson et al. have demonstrated that N-
phosphine-thiazoline 136 are able to hydrogenate vinylic, allylic and homoallylic sulfones 
with enantioselectivities up to 99%.  
Ellman et al. developed chiral sulfonyl imine ligands 137170 (R1= Ph, o-Tol, Mes; R2= 
tBu, 1-adamanthyl, p-Tol). These ligands were only able to hydrogenate standard 
trisubstituted alkene S19 in high enantioselectivity (ee’s up to 94%). 
In 2010, Diéguez in collaboration with Andersson's group reported a library of phosphite-
oxazole/thiazole ligands – 57 and 58- for this process (57; R= Ph, 4-CH3-Ph, 4-CF3-Ph, 
tBu and 58; R= H, Me).171 Enantioselectivities were excellent (ee’s up to 99%) for a wide 
range of E- and Z-trisubstituted and 1,1’-disubstituted terminal alkenes.  
Another successful collaboration between Diéguez and Andersson group drove into the 
synthesis of phosphoramidite-thiazole 138, a modification of the previously reported 
136 by Andersson et al. These phosphoramidite-thiazole 138 provided excellent results 
in terms of conversion and enantioselectivity. It is needed to point out that those ligands, 
as well as phosphoramidite-oxazoline 126 (Figure 1.45) provided excellent 
enantioselectivities for Z-alkenes (ee’s up to 90%).156 
Diéguez et al.172 also applied ligand 56 and they achieved excellent enantioselectivities 
in the hydrogenation of a wide range of E- and Z-trisubstituted S19-S21 and 1,1-
disubstituted terminal olefins S28, which included examples with neighboring polar 
groups. They found that replacing the oxazoline 30 with a thiazoline moiety in the ligand 
design is beneficial in terms of the substrate scope. Thus, the range of substrates that 
can be hydrogenated with excellent enantioselectivities with the new Ir phosphite–
thiazoline catalysts was extended because more challenging Z-trisubstituted olefins, -
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unsaturated ketones S26-S28, and trifluoromethyl olefins were included. These results 
opened up a new class of ligands for the highly enantioselective Ir-catalyzed 
hydrogenation of a wide range of substrates, which competes favorably with the best 
reported in the literature172 
 
Figure 1.48. Phosphorus-imidazole/oxazole/thiazole ligands. 
Phosphorus-sp3-nitrogen-donor ligands 
Also phosphorus sp3-nitrogen containing ligands have been developed and successfully 
applied in the hydrogenation of alkenes. 
Zhou et al. developed a modification of spiro ligand 117 (Figure 1.41), leading to ligand 
139 (R1= Ph, 3,5-Me2-Ph, 3,5-tBu2-Ph; R2= H, Me), in which the oxazoline moiety has 
been replaced by an amino group.173 They determined that secondary amines were 
better than primary amines if enantioselectivity want to be high. Those ligands were 
successfully applied in the iridium hydrogenation of a wide range of-substituted acrylic 




Figure 1.49. Spiro phosphine-amine ligand 139 developed by Zhou et al. 
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1.3.2. Asymmetric hydrogenation of cyclic -enamides 
As previously mentioned, several efficient catalytic systems based on Ru, Rh and Ir have 
emerged for hydrogenation of olefins. However, there is still a lack of substrate versatility 
in terms of enantioselectivity. Such substrates include cyclic enamides derived from -
tetralones and derivatives. The asymmetric hydrogenation of these substrates is highly 
persuaded due to the therapeutic properties that chiral amines present (Figure 1.50).174 
 
 
Figure 1.50. Therapeutic products derived from the hydrogenation of cyclic -enamides. 
Until few years ago, the asymmetric hydrogenation of cyclic enamides has been mainly 
focused on -enamides, and to less extension, -enamides.  
The use of Rh-, Ru- and Ir-catalyst have emerged as powerful catalyst for hydrogenation 
of challenging cyclic -enamides. However, complete control of stereoselectivity of this 
transformation has remained elusive. With Ru-based systems, Burneau et al.175 and 
Ratovelomanona-Vidal et al.176 successfully applied ligands 140 and 141 respectively, 
achieving ee’s up to 95%. In the field of Rh-catalytic systems, Pizzano et al. developed 
a P-stereogenic phosphine-phosphite 142 achieving excellent enantioselectivities (up 
to 93% ee).177 Also the groups of Reek and Tang have developed Rh-hydrogenation of 
cyclic -enamides, using ligands 143 178  and 144 179  respectively, achieving 
enantioselectivities up to 96% ee. 
 
 
Figure 1.51. Successfully applied ligands in the hydrogenation of cyclic -enamides. 
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Finally, in the field of Ir-catalysts, Verdaguer et al. recently published a successful 
application of P-stereogenic phosphine-oxazoline ligands 145 (R1= iPr, tBu), achieving 
excellent enantioselectivities (ee’s up to 99%) for a wide range of cyclic - and -
enamides.180 
 
1.3.2.1. The mechanism 
 
The challenging nature of these kind of substrates to be hydrogenated in high 
enantioselectivities as well as the few successful examples in the literature, exemplifies 
the lack of mechanistic information. Only attempts to get further information have been 
presented using Rh-catalytic systems. 
In 2013, Pizzano et al. reported an investigation of several fundamental features of these 
kind of substrates with their hydrogenation process catalyzed by Rh-142 catalytic 
system.177 They analyzed the catalytic species formed from the mixture of catalyst 
precursor and cyclic -enamide and they found the presence of two species in a ca. 3:1 
ratio. After characterization by NMR the authors suggest that those species were 6-
arene coordination to Rh, differing from the coordination of the substrate by each of its 
diastereotopic faces. It is remarkable to note that this coordination mode was unusual 
for an N-acyl enamide, which typically shows a O,C,C chelating mode in Rh(I) complexes. 
Due to the relatively low rates shown for these kind of substrates, they could suggest 
that these unreactive 6-arene-Rh complex, under hydrogenation conditions, is in 
equilibrium with the Rh-O,C,C species, more shifted to the 6-arene-Rh species.  
These results obtained, however, did not show a distinctive feature of the hydrogenation 




1.4. Asymmetric hydroboration of 1,1-disubstituted olefins 
Metal-catalyzed hydroboration of olefins has emerged as a powerful synthetic tool for 
organic chemists (Scheme 1.25). The contribution of organoboron species to organic 
chemistry, recognized already by one Nobel prize, continues unabated.181  
 
Scheme 1.25. Metal-catalyzed hydroboration of olefins. 
Considering that the introduction of main-group organometallics such as boron into 
organic compounds is rarely the ultimate goal of a hydroboration reaction, methods for 
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transformation of the newly introduced carbon-boron bond with retention of 
stereoselectivity are crucial.181 
The organoboranes produced are important intermediates in many natural product and 
drug synthesis. They serve as synthons for numerous functional groups and are often 
subject to a consecutive carbon-oxygen, carbon-carbon, carbon-nitrogen bond-forming 
reactions (Figure 1.52).181 
 
Figure 1.52. Transformations of the carbon-boron bond. 
Whether the process mediated or catalyzed, in most asymmetric transformations 
involving olefins as prochiral reagents, 1,1-disubstituted olefins stand out as a 
particularly more challenging substrates.182 This can be attributed to the difficulty of a 
chiral auxiliary or chiral catalyst to discriminate between two relatively similar 
substituents at a germinal position and therefore, discriminate between the two faces of 
the olefin. For that reason, enantioselectivities for these substrates are usually lower 
than those obtained for the corresponding 1,2-disubstituted, trisubstituted or even 
tetrasubstituted analogues.181,182,183 In addition, in asymmetric hydroboration the un-
catalyzed hydroboration-oxidation of an alkene usually affords the anti-Markovnikov 
product, while the catalyzed version can be induced to provide either Markovnikov or 
anti-Markovnikov products (Scheme 1.26).181  
The strongly favored Markovnikov regioselectivity observed with most chiral transition 
metal catalyst investigated to date has certainly precluded the development of a catalytic 
asymmetric hydroboration of terminal olefins.181,184 Suzuki, Burgess and Ito and Hayashi 
have independently demonstrated the difficulty of obtaining specific hydroboration at 
terminal position () rather than at the more substituted () using chiral rhodium catalyst 
(Scheme 1.26).185 Moderate regioselectivities and low enantioselectivities were obtained 
in the best cases. For that reason, almost all studies have been focused on the -
hydroboration of styrene derivatives.  
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Scheme 1.26. Regioselectivity in metal-catalyzed and uncatalyzed hydroboration. 
1.4.1. Uncatalyzed asymmetric hydroboration of 1,1-disubstituted olefins 
A first successful procedure for hydroboration of 1,1-disubstituted olefins was carried 
out by Soderquits et al. who designed chiral variants of 9-borabicyclononane (9-BBN) 
that mediated the hydroboration of four different terminal olefins, displaying an 
unprecedented enantioselectivities for the most basic substrates S56-S59 (Scheme 
1.27).186    
 
 
Scheme 1.27. First successful hydroboration of 1,1-disubstitued olefins. 
As previously mentioned, uncatalyzed hydroboration of alkenes always afford anti-
Markovnikov regioisomer. Soderquits’ work provided excellent yields, total 
regioselectivity and moderate-to-excellent enantioselectivities (Scheme 1.27). 
 
1.4.2. Metal-catalyzed asymmetric hydroboration of 1,1-disubstituted olefins 
Subsequently, two important breakthroughs in asymmetric hydroboration of 1,1-
disubstituted olefins were reported.187,188 They both included metal-catalyzed processes 
instead of expensive and sacrificial stoichiometric chiral auxiliaries. 
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First breakthrough on metal-catalyzed hydroboration of terminal olefins was carried out 
by Hoveyda et al.  They reported a NHC-Cu-catalyzed enantioselective hydroboration of 
acyclic and exocyclic 1,1-disubstituted alkenes (Scheme 1.28).187  
 
 
Scheme 1.28. NHC-Cu-catalyzed asymmetric hydroboration of alkenes. 
Hoveyda et al. were able to hydroborate sterically and electronically different 1,1-
disubstituted alkenes providing organoboranes in high conversions and in a wide range 
of enantioselectivities (ee’s from 61% to 92%) using Cu-146 catalytic system. They 
could also hydroborate exocyclic alkenes, a kind of substrates which had never been 
hydroborated before (Figure 1.53a). Despite this important advance, high catalyst 
loadings (7.5 mol%), long reaction times (48h), low temperature (ranging from -15 ºC 
to -50 ºC) and the presence of an almost equimolar amount of base were required. 
After such excellent results they tried to hydroborate -CF3 styrene derivative S60, due 
to its importance in biologically active products, but unfortunately authors obtained 
difluoroallylboronated instead of expected hydroborated product (Figure 1.53b). 
 
 
Figure 1.53. Selected results for NHC-Cu-catalyzed asymmetric hydroboration. 
The second breakthrough in metal-catalyzed hydroboration of 1,1-disubstituted olefins 
was carried out by Mazet et al.188 They presented a highly regio- and enantioselective 
catalytic hydroboration of -substituted styrene derivatives. 
They used phosphine-oxazoline (PHOX 3) iridium catalyst to afford high regioselectivities 
towards -borylated product. As Marder and Baker, Crudden and Miyaura stablished, 
iridium catalysts display a complementary regioselectivity that of rhodium catalysts in 
the hydroboration of styrene derivatives.189 They screened different kind of chiral ligands 
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(Scheme 1.29). They found out that only C1-symmetric PHOX 3 ligands provided 
excellent enantioselectivity (92% ee) in the hydroboration of -methyl styrene.  
 
Scheme 1.29. Screening of four ligands carried out by Mazet et al. 
Authors applied this in situ generated Ir-PHOX complex to the hydroboration of a wide 
range of -substituted styrene substrates, achieving promising enantioselectivities while 
excellent conversions and regioselectivities were attained. (Figure 1.54). They found that 
the introduction of electron-withdrawing substituents on the para-position decreased 
slightly the enantioselectivity compared to the model substrate.  
 
Figure 1.54. Iridium catalyzed asymmetric hydroboration performed by Mazet et al. 
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Also increasing the steric demand at the vicinity of the benzylic position by using a larger 
substituent compared to methyl such as cyclohexyl or ethyl substituents or also replacing 
the phenyl by a ortho-tolyl, drastically reduced the enantioselectivities (Figure 1.54). 
 
1.5. Asymmetric Ni-catalyzed 1,2-addition of organoaluminum 
reagents to aldehydes 
Among C-C bond forming reactions, the addition of carbon nucleophiles to carbonyl 
compounds such as aldehydes, is one of the most fundamental transformation for 
organic synthesis. The formed secondary alcohols, which contains a new stereogenic 
center, has let to great efforts to control stereochemistry of these additions.190 
The typical reagents for racemic additions, such as lithium and magnesium organyls, are 
less suitable for this reaction because of their high reactivity and therefore, less 
chemoselectivity. In contrast, diorganozinc reagents, which are less reactive and its 
addition is catalyzed by a metal and could be asymmetrically added to carbonyl 
compounds, is rather attractive due to economic reasons. Moreover, ZnMe2, a valuable 
organozinc reagent because of the importance of introducing methyl groups in synthetic 
strategy, is not very reactive.191 
The reactivity of triorganoaluminum reagents is found between those two organometallic 
groups explained above. On one hand, trialkylaluminum reagents slowly react with 
carbonyl groups192 and on the other hand, they show a higher functional groups tolerance 
than their magnesium and lithium analogues.193 An additional advantage is the low price 
of unfunctionalized trialkylaluminum reagents (AlR3, R= Me, Et, nPr, nBu and iBu), which 
are produced on an industrial scale as they are easily synthesized by reaction of 
aluminum hydride and olefins.194 
Another attractive venue is offered by hydroalumination of different unsaturated C-C 
bonds, which provides a wide range of different and highly potential triorganoaluminum 
compounds. They have shown to react easily, not only in 1,2-addition to carbonyl 
compounds, but also to cross-coupling and 1,4-additions reactions.195 
Despite all advantages that triorganoaluminum reagents offer, only few examples of 1,2-
addition of organoaluminum compounds to carbonyls have been reported in the 
literature.196-200 
In this respect, the few successful catalysts developed to date for the enantioselective 
addition of trialkylaluminum reagents to aldehydes (Scheme 1.30) can be grouped in 2 
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Scheme 1.30. Metal-catalyzed 1,2-addition of trialkylaluminum to aldehydes. 
The first group is based on titanium complexes which usually provide high 
enantioselectivities, but the high catalyst loadings (10-20 mol%) as well as the slow 
turnover rate, hamper their potential utility.196 The second group is based on nickel 
complexes, which were introduced by Woodward et al., and they provide similar 
enantioselectivities to those using Ti-complexes but with low catalyst loadings (1 
mol%).197,196 Several aldehydes, such as aryl-, alkyl- and vinyl aldehydes have been 
tested. However, benzaldehyde have been used as benchmark substrate for testing the 
potential of the new ligands. Another important parameter which one has to take into 
account is the aluminum source, which has an important effect on the activity as well as 
in the enantioselectivity. Traditionally, commercially available trialkyl aluminum reagents 
have been mostly used. However, as these reagents are air- and moisture sensitive, 
they can be contaminated and their reactivity can be modified.  
Woodward et al. have reported the preparation of DABAL-Me3 (Scheme 1.31) as new air-
stable solid AlMe3 adduct that is easily prepared and also scaled-up from the reaction of 
neat AlMe3 and DABCO (1,4-diazobicyclo[2,2,2]octane).201 
 
Scheme 1.31.  Synthesis of DABAL-Me3, developed by Woodward et al. 
1.5.1. The Mechanism 
The tentative mechanism proposed by Woodward et al. for the Ni-catalyzed 1,2-addition 
of DABCO-trimethylaluminum reagents to aryl aldehydes is shown in Scheme 1.32.   
The reductive generation of the active specie Ni0 A proceeds from the corresponding 
ligand complexation with Ni precursor (usually Ni(acac)2). This reductive generation of 
the active catalyst A is followed by the formation of a -aldehyde complex B, as showed 
possible by the work of Walther who was able to crystalize Ni(2-O=CHAr)(PCy3)2 (Ar= 
Ph and 2,4-(OMe)2C6H3). 202  Then, the triorganoaluminum prompted the oxidative 
addition promoted by the formation of an extremely strong Al-O bond, furnishing NiII 
species D through transition state C. Finally, reductive elimination provided the 
corresponding alcohol E and the regeneration of the active catalyst A. 
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Scheme 1.32. Proposed catalytic cycle for the Ni-catalyzed 1,2-addition of DABAL-Me3 to 
aromatic aldehydes. 
1.5.2. The Ligands 
As previously mentioned, only few catalytic systems based on Ni-catalyst have been 
successfully applied in the 1,2-addition of trialkylaluminum reagents to aldehydes. 
Monodentate Ligands: phosphoramidite and phosphite ligands 
A first breakthrough in this field was presented in 2005 by Woodward et al. who applied 
phosphoramidite 79 and phosphine 148 - based Ni catalyst to the 1,2-addition of 
trialkylaluminum reagents to aldehydes (Figure 1.55).197 Authors applied ligand 79 in 
the Ni-catalyzed 1,2-addition of trialkylaluminum reagents to aldehydes. Their results 
were pioneering on this field. Using benzaldehyde as benchmark substrate, they found 
that using either AlR3 or the air stable analogue DABAL-Me3, enantioselectivities did not 
dramatically changed (88% ee for AlMe3 and 92% for DABAL-Me3 adduct), but yields 
were, in some cases, lower using non-stable organoaluminum reagents. They also 
studied the electronic effects of the substrate on the catalysis. They were further gratified 
to find that the range of substrates for that reaction using DABAL-Me3 was wider than 
that of the original Fujisawa reaction203, which had a narrower range, as only electronrich 
aldehydes reacted quickly. Excellent conversions and enantioselectivities (81-95% ee) 
were obtained either with electron-rich or electron-deficient benzaldehyde derivatives.  
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 







Figure 1.55. Phosphoramidite and monophosphine-based ligands applied by Woodward et 
al. in the Ni-1,2-addition of AlR3 to aldehydes. 
Using other alky- and cinnamaldehydes enantioselectivities were lower (ee’s up to 77%). 
These poor enantioselectivities were improved using monophosphine 148, which 
provided higher enantioselectivities for cinnamaldehyde (66% ee using 79 and 80% ee 
using 148). It is worth to mention that sterically demanding aldehydes such as 1-
naphthylaldehyde or 2-naphthylaldehyde could not be alkylated in high 
enantioselectivity, meaning that this Ni-79 catalyst has apparently some steric 
limitations on the substrates that may be overcome. However, for the more challenging 
substrates such as enones and aliphatic aldehydes, enantioselectivities attained using 
79 where excellent (ee’s up to 94% for cyclic aliphatic aldehydes and 89% ee for lineal 
aliphatic aldehydes). 
The other catalytic systems which have been successfully applied in the Ni-1,2-addition 
arose from a collaboration between Diéguez and Woodward groups in 2006.198a They 
applied a modular sugar-based phosphite ligand library 149-153 for studying the 
important structure features of the ligand (such as configuration of C-3 and C-4, ring 
size of the ligand scaffold and the presence of the phosphite function on a primary 
carbon) and to determine the scope of the phosphite ligand. They found that 
configuration of both C-3 and C-4 have a huge influence on the catalytic performance as 
well as the ring size, being ligand 149 the one which provided highest enantioselectivity 
(ee’s up to 91%).  
They determined that changing from AlMe3 to AlEt3 and DABAL-Me3 there was no change 
on the catalytic performance, maintaining both activities and enantioselectivities. 
Regarding substrate scope, authors found that no matter the electronics of the substrate, 
enantioselectivity was always kept, having enantioselectivities of 94% ee and 93% ee 
for electron-rich and electron-poor benzaldehyde derivatives. For more flexible 
substrates such as cinnamaldehyde and aliphatic aldehydes, enantioselectivities 
decreased up to 25%. 
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Figure 1.56. Sugar-based monophosphite ligands developed by Diéguez and Woodward 
groups. 
In 2009 the same authors decided to replace phosphite moiety by a phosphoramidite, 
but unfortunately enantioselectivities were lower (ee’s up to 78%) than their phosphite 
analogues 149-153.198b 
To fully understand the behavior of privileged phosphites 149, in 2011 Diéguez et al. 
decided to modify C-3 by introducing alkyl substituents (152 and 153 R= Me, Et, iPr, 
Bn, Ph). The introduction of a substituent on the C-3 of the ligand backbone had a 
negative effect on the catalytic performance, decreasing enantioselectivities from 90% 
to 76% (using benzaldehyde and other derivatives). Interestingly, this monophosphite 
ligand provided good to excellent enantioselectivities (ee’s up to 84%) when bulky 2-




Figure 1.57. Modifications for privileged sugar-based monophosphite ligands 154-155.  
Bidentate ligands: P-P’ and P-N ligands  
In 2008, Diéguez and coworkers applied phosphite-oxazoline ligand 26 and phosphite-
phosphoramidite ligand 156 in the Ni-catalyzed 1,2-addition to aldehydes with limited 
success. Systematically varying the electronic and steric properties of the oxazoline and 
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the biaryl substituents and the functional groups attached to the ligand backbone, they 
found a strong influence of the oxazoline substituents.  
 
 
Figure 1.58. Bidentated phosphite-oxazoline and phosphite-phosphoramidite ligands. 
Best enantioselectivities were achieved using phosphite-phosphoramidite 156 providing 
ee’s up to 59%.200b 
The same authors also have successfully applied furanoside phosphite-phosphoramidite 
and diphosphoramidite ligands 157-161.200a  
That work represented the first successful application of bidentate ligands for Ni-1,2-
addition to aldehydes. Ligand 161 provided the best enantioselectivity (ee’s up to 84% 
for benchmark benzaldehyde). 
 
 
Figure 1.59. First successfully applied bidentate ligands in Ni-1,2-addition to aldehydes by 
Diéguez and coworkers. 
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The objective of this thesis is to develop new chiral -acceptor ligands and their 
application to several important metal-catalyzed asymmetric reactions. The more 
specific aims are: 
 
1. To synthesize PHOX-type phosphite-oxazoline ligands L1-L7a-g (Figure 2.1) and 
their application in Pd-allylic substitution, Ir-hydrogenation of olefins, Ir-
hydroboration of 1,1-disusbtituted olefins and Ni-1,2-addition of triorganoaluminum 
reagents to aldehydes. 
 
 
Figure 2.1. PHOX-type phosphite-oxazoline ligands L1-L7a-g. 
2. To synthesize phosphite/phosphinite-oxazoline ligands L8-14a-h (Figure 2.2) and 
their application in the Pd-allylic substitution, Ir-hydrogenation of olefins and Ni- 




Figure 2.2. Phosphite-oxazoline ligands L8-L14a-h. 
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3. To synthesize amino-phosphite ligands L15-L20a-g (Figure 2.3) and their 
application in the Pd-allylic substitution.  
 
 
Figure 2.3. Amino-phosphite ligands L15-L20a-g. 
 
4. Application of furanoside-based phosphite-phosphoramidite and diphosphoramidite 




Figure 2.4. Furanoside phosphite-phosphoramidite and diphosphoramidite ligands L21-
L25a-f applied to Cu-catalyzed asymmetric allylic substitution reactions. 
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5. Application of phosphite-nitrogen ligands L1-L4a and L26-L37a-e (Figure 2.5) to 
Pd-catalyzed asymmetric decarboxylative protonation of -aryl--amido allyl esters 
to synthesize -aryl oxindoles. 
 
 
Figure 2.5. Phosphite-nitrogen ligands L1-L4a and L26-L37a-e screened in the Pd-
















UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 









UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 



























   Chapter 3 
Asymmetric allylic  
substitution reactions 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 
Marc Magre  Rosich 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 









As previously mentioned in the introduction (Chapter 1), most of the successfully 
applied ligands in Pd-catalyzed allylic substitution reactions have been synthesized 
following two main strategies: the first strategy is based on secondary interactions 
between the ligand and the nucleophile directing the nucleophilic attack to one allylic 
carbon, whereas the second strategy, which this chapter is based on, consists in the 
electronic differentiation between the two allyl carbon terminus. This differentiation is 
due to the ligand effect, more precisely the trans effect provided by the use of 
heterodonor ligands (mainly P,N ligands).  
More recently, our group has found that the use of biaryl phosphite-containing 
heterodonor ligands is highly advantageous by overcoming the most common 
limitations of this process, such as low reaction rates and high substrate specificity. By 
introducing a -acceptor biaryl phosphite moiety, the reaction rates increase and due to 
its flexible cavity provided by the biaryl phosphite, a wide range of substrates can be 
adapted to the chiral pocket. 
Regarding phosphite-containing heterodonor ligands, a breakthrough was reported by 
Diéguez et al. in 2005, who reported the first application of PHOX-based phosphite-
oxazoline ligands in Pd-catalyzed asymmetric allylic alkylation of several hindered and 
unhindered substrates, achieving enantioselectivities up to <99%. After that discovery, 
plenty of phosphite-containing heterodonor ligands (oxazolines, thiazolines, oxazoles, 
thiazoles, pyridines, thioether…) have been successfully applied to Pd-catalyzed allylic 
alkylation, achieving excellent results in terms of substrate versatility. However, the 
enantioselectivities obtained for unhindered and cyclic substrates are not completely 
satisfactory. On the other hand, the potential of phosphite-containing ligands is quite 
limited to malonate-type nucleophiles, whereas for other type of C-, O- and N-
nucleophiles require much attention. This encourages further research into phosphite-
nitrogen ligands.  
For this purpose, in this chapter we present the synthesis and application of different 
phosphite-nitrogen ligand libraries for asymmetric Pd-catalyzed allylic substitution 
reactions. More specifically, in Section 3.2 we expand the use of the previously 
successfully applied PHOX-based phosphite-oxazoline L1a with the synthesis of ligands 
L1f and L1g. We therefore present a deep study based on the NMR studies of the Pd-
olefins complexes and DFT calculations to fully understand the privileged behavior of 
these ligands, in terms of substrate versatility. Moreover, we expand both substrate and 
nucleophile scope to prove the exceptional high versatility that these PHOX-based 
phosphite-oxazoline ligands present.  
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In Section 3.3, we present the synthesis and application of PHOX-derivative phosphite-
oxazolines L5-7a-c, in order to study the influence on the catalytic performance by the 
introduction of a methylene linker between the phosphite moiety and the oxazoline 
group. A wide range of substrates and nucleophiles have been studied, all 
complemented with DFT calculations to further understand the catalytic behavior.   
In Section 3.4 we present the synthesis and application of a new family of phosphite-
oxazoline ligands containing an alkyl chain L8-L14a-c with the purpose of expanding 
both substrate and nucleophile versatility. We will study the effect on the catalytic 
performance by the presence of a second stereogenic center on the ligand backbone. 
In section 3.5 we report the synthesis and application of simple, easy to synthesize and 
robust phosphite-amine L15-L20a-g. Alternating DFT calculations and experimental 
data, we have been able to optimize the ligand parameters to achieve the highest levels 
of enantioselectivity for a broad range of substrates and nucleophiles. Moreover, using 
NMR techniques, we have been able to identify the Pd--allyl intermediates, the key 
species for enantioselectivity. 
Whereas Pd-catalyzed asymmetric allylic substitution reactions proceed via the attack 
of a stabilized nucleophile (such as malonates and benzylamine derivatives) to a Pd-
allyl system, the use of non-stabilized nucleophiles (such as organometallic reagents) 
have been mainly reported using Cu-based catalysts. In terms of nucleophile versatility, 
Grignard reagents and diorganozinc compounds have been extensively used. In this 
respect, for the successful application of Grignard reagents, mainly the use of 
phosphines has been reported. Regarding the use of diorganozinc reagents, amine-
based ligands have been successfully applied. 
In this respect, in Section 3.6 we present the application of furanoside-based phosphite-
phosphoramidite and diphosphoramidite ligands L21-L25a-f to Cu-catalyzed 
asymmetric allylic alkylation in a wide range of cinammyl-type substrates and different 
organometallic species as non-stabilized nucleophiles, to achieve high level of regio- 
and enantioselectivity. 
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3.2.aaaaaaConformational preferences of a tropos biphenyl phosphino-
oxazoline - a ligand with wide substrate scope 
 
Magre, M.; Bellini, R.; Biosca, M.; Norrby, P.-O.; Pàmies, O.; Diéguez, M.; Moberg, C. ACS Catal. 
2016, 6, 1701. These authors contributed equally to this study. 
 
Abstract: Excellent enantioselectivities are observed in palladium-catalyzed allylic 
substitutions of a wide range of substrate types and nucleophiles using a bidentate ligand 
composed of oxazoline and chirally flexible biaryl phosphite elements. This unusually wide 
substrate scope is shown by experimental and theoretical studies of its η3 -allyl and η2 -olefin 
complexes not to be a result of configurational interconversion of the biaryl unit, since the 
ligand in all reactions adopts an Sa,S configuration on coordination to palladium, but rather 
the ability of the ligand to adapt the size of the substrate-binding pocket to the reacting 
substrate. This ability also serves as an explanation to its excellent performance in other types 
of catalytic processes 
 
3.2.1. Introduction 
Enantioselective metal-catalyzed synthetic processes are ubiquitous for the construction 
of nonracemic chiral organic compounds.1 The stereodirecting power of a catalyst usually 
relies on the choice of chiral ligand bound to the metal. Ligands with broad substrate 
scope are desirable in order to limit time-consuming ligand design and preparation. The 
identification of privileged ligands2 useful for a wide range of substrates and for different 
types of reactions is therefore an important issue. 
Conformationally flexible ligands are viable candidates for the design of catalysts with 
wide substrate scope. Mikami and co-workers3 have demonstrated that stereochemically 
dynamic, tropos3d,4 ligands are capable of adapting their sense of chirality to a proximal 
chiral motif bound to the same metal center, and consequently to be able to replace rigid 
analogues with either absolute configuration. In a similar manner, adaptable ligand 
systems composed of a stereochemically flexible part covalently bound to a group with 
a rigid stereogenic element have been successfully employed in asymmetric catalysis.5 
In order to further exploit self-adaptable ligands in asymmetric catalysis, studies of their 
conformational preferences under different reaction conditions are desirable. 
Moberg et al. have previously studied the conformational behavior of phosphepine and 
azepine ligands, such as 1 and 2 (Figure 3.2.1 (a)).6  
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Figure 3.2.1. (a) Conformationally flexible phosphepine and azepine ligands 1 and 2. (b) 
Palladium olefin complexes 3 and 4. 
By using palladium-catalyzed asymmetric allylic alkylation as an illustrative model 
process to probe the conformational issues, they found that the conformation of these 
flexible ligands may be influenced not only by structural units present in the catalyst, 
but also by the substrate undergoing reaction. In this particular catalytic process, 
different ligands are usually required for different types of substrates in order to obtain 
products with high enantiopurity.7 By using bisazepine ligands with two flexible biaryl 
moieties, they were able to demonstrate that in palladium olefin complexes 3 and 4, 
aimed to mimic the product olefin complexes from reaction of bulky linear (“broad”) and 
small cyclic (“narrow”) substrates, respectively, R*,R* (C2) configuration was preferred 
in the complex containing the trans olefin, whereas R*,S* (Cs) was preferred in the 
complex with the cis olefin (Figure 3.2.1 (b)).8 In contrast, R*,S* configuration of the 
ligand was observed in 3-allyl palladium complexes derived from (E)-1,3-diphenyl-2-
propenyl acetate as well as from 3-cyclohexenyl acetate (not shown).  
Although tropoisomerization in azepine derivatives occurs while the ligand is coordinated 
to the metal center,9 conformational change in ligands 1 and 2 was slow compared to 
nucleophilic attack, and the flexible ligands therefore behaved essentially as a mixture 
of the analogous rigid ligands, and thus proved to be less general than desired. 
Ligands that tolerate a wide range of substrates are indeed rare. In this context, Diéguez 
et al. were able to show that substrate versatility in Pd-catalyzed allylic substitutions can 
benefit from the introduction of a conformationally flexible biaryl phosphite element.10 
Thus, phosphite-oxazoline (S)-L1a (Figure 3.2.2) constitutes one of the few examples 
of ligands that have provided high ee's in the Pd-catalyzed allylic alkylation of both the 
hindered model compound rac-(E)-1,3-diphenyl-2-propenyl acetate (S1) and 
unhindered cyclic substrate rac-3-cyclohexenyl acetate (S2).11 This ligand has also been 
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successfully applied in enantioselective palladium-catalyzed Heck reactions, 12  and 
iridium-catalyzed hydroboration of 1,1-disubstituted olefins. 13  Since the barrier to 
inversion in phosphite ligands is known to be lower than that in phosphepine and azepine 
ligands,14 we assumed that the broad substrate tolerance of (S)-L1a may originate in its 
ability to adapt the conformation to the substrate undergoing reaction. In order to test 
if this was the case, we decided to study the conformational preferences of ligand (S)-
L1a in palladium complexes with relevance for asymmetric allylic alkylation. To this aim, 
we needed access to rigid analogues of (S)-L1a. For this reason, (Ra,S)-L1f and (Sa,S)-
L1g were prepared (Figure 3.2.2), their behavior in the catalytic reactions investigated, 
and the structures of the corresponding olefin complexes studied by NMR spectroscopy 
and DFT calculations.  
 
Figure 3.2.2. Phosphite-oxazoline ligands (S)-L1a, (Ra,S)-L1f and (Sa,S)-L1g. 
We have also extended the previous work on dimethyl malonate and benzylamine to 
other C-nucleophiles and to O-nucleophiles, among which are the rarely studied -
substituted malonates, -diketones, alkyl alcohols, silanols, and 
fluorobis(phenylsulfonyl)methane, and to alkylations of other substrates, thereby further 
underlining the versatility of ligand L1a.  
  
3.2.2. Results 
3.2.2.1. Preparation of Ligands 
Ligand (Sa,S)-L1g was prepared starting from (S)-binol (5), as shown in Scheme 3.2.1. 
Catalytic hydrogenation following a published procedure gave (S)-6,15 which was reacted 
with tert-butyl chloride in the presence of chloropentacarbonylrhenium(I)16 to yield (S)-
7. Reaction with phosphorus trichloride gave compound (S)-8. Condensation of 
chlorophosphite (S)-8 with (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-yl)phenol 17  9 
afforded in good yield the final product (Sa,S)-L1g. Ligand (Ra,S)-L1f was prepared 
analogously starting from (R)-binol. The flexible ligand (S)-L1a was prepared as 
previously described.11  
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Scheme 3.2.1. Preparation of ligand (Sa,S)-L1g. 
The rigid ligands gave rise to single signals in the 31P NMR spectra, (Sa,S)-L1g at 127.9 
ppm and (Ra,S)-L1f at 129.3 ppm. A single 31P resonance was also observed from 
compound (S)-L1a, at 136.6 ppm. Interestingly, upon gradual cooling this signal first 
broadened and at around –20 °C split into two signals originating from the Sa and Ra 
conformers, as a result of tropoisomerization being slow on the NMR time scale. The 
original spectrum, containing a single 31P resonance, was restored by warming the 
sample to 25 °C. In the 1H NMR spectrum several signals were split upon cooling (See 
Supporting Information, 3.2.7.1). 
 
3.2.2.2. Catalytic Reactions  
Palladium-catalyzed allylic alkylations of rac-(E)-1,3-diphenyl-2-propenyl acetate (S1) 
and rac-3-cyclohexenyl acetate (S2), with dimethyl malonate as nucleophile and [Pd(3-
C3H3)Cl]2 as palladium source were studied employing the three ligands L1a,f-g 
(Scheme 3.2.2 and Table 3.2.1). In reactions with S1 as substrate, the use of the 
catalyst containing flexible ligand (S)-L1a resulted in full conversion to the product (10) 
with S absolute configuration with >99% ee within 10 minutes (Table 3.1.1, entry 1). 
Whereas use of (Sa,S)-L1g also gave essentially enantiopure product with S absolute 
configuration (entry 2), a catalyst containing (Ra,S)-L1f gave the opposite product 
enantiomer with merely 20% ee (entry 3). By employing a mixture of (Sa,S)-L1g and 
(Ra,S)-L1f, the (S)-enantiomer was obtained with 90% ee (entry 4). This demonstrates 
that the catalyst containing the former ligand forms a considerably more reactive 
catalyst. These experiments also demonstrate that the flexible ligand thus behaved 
essentially in the same way as ligand (Sa,S)-L1g. 
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Scheme 3.2.2. (1a) Allylic alkylations of rac-(E)-1,3-diphenyl-2-propenyl acetate (S1) and 
(1b) rac-3-cyclohexenyl acetate (S2). 
Also with S2 as substrate the flexible ligand (S)-L1a gave the same product enantiomer, 
(S)-11, as (Sa,S)-L1g (Table 3.2.1, entries 1 and 2), but with somewhat lower selectivity 
(94% as compared to 99% ee). Reaction in the presence of ligand (Ra,S)-L1f resulted 
in the formation of the opposite enantiomer with lower enantioselectivity also in reactions 
with this substrate, although the difference was considerably smaller than for S1 (entry 
3). The higher reactivity of (Sa,S)-L1g was again shown from the results of an 
experiment where a mixture of the two rigid ligands was used (entry 4). The absolute 
configurations of the products obtained demonstrate that the binaphthyl part of the 
ligand is mainly responsible for chirality transfer, and that the conformation of (S)-L1a 
in the selectivity-determining complex resembles that of (Sa,S)-L1g.  
 
Table 3.2.1. Palladium-catalyzed allylic alkylation of S1 and S2 with ligands (S)-L1a, (Sa,S)-




Entry Ligand % Convb  % eec % Convd  % eee 
1 (S)-L1a 100 >99 (S) 100 94 (S) 
2 (Sa,S)-L1g 100 >99 (S) 100 99 (S) 
3 (Ra,S)-L1f 100 20 (R) 100 92 (R) 
4 (Sa,S)-L1g + (Ra,S)-L1f 100 90 (S) 100 68 (S) 
a 0.5 mol % [Pd(3-C3H5)Cl]2, 1.1 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, r.t.                        
b Measured by 1H NMR after 10 min. c Determined by HPLC. d Determined by GC after 30 min.                   
e Determined by GC.  
 
3.2.2.3. Preparation and NMR Studies of Palladium Olefin Complexes  
Nucleophilic attack on the allyl group in palladium-catalyzed allylic alkylations has been 
argued to occur via a late, i.e. product-like, transition state, and the stereochemistry 
accordingly governed by formation of the most stable olefin complex.18 With the aim of 
gaining a deeper insight into the conformation of flexible ligand (S)- L1a in the 
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selectivity-determining step, palladium(0) olefin complexes with the three ligands were 
prepared in order to mimic the product olefin complexes from allylic alkylations.  
 
 
Scheme 3.2.3. Preparation of Pd(0)-olefin complexes 12–17. 
Dimethyl fumarate and diethyl maleate were selected as olefins in order to form 
complexes with sufficient stability to allow isolation and studies by NMR spectroscopy. 
The complexes were obtained by stirring equimolar amounts of ligand and olefin with 
one equivalent of Pd2(dba)3.CHCl3 in deuterated dichloromethane (Scheme 3.2.3). 
Complex formation with dimethyl fumarate was achieved within 30 minutes at ambient 
temperature, whereas 16 hours were required to obtain the desired complexes from 
diethyl maleate.  As a result of the symmetry of the olefins employed, a maximum of 
two olefin complexes can form with each ligand, those from dimethyl fumarate depicted 
as A and B and those from diethyl maleate as C and D, in Figure 3.2.3. 
 
 
Figure 3.2.3. Possible isomers of palladium(0) olefin complexes. 
Attempts were first made to determine the configuration of flexible ligand (S)-L1a in 
complexes with the two types of olefins by comparison of the spectra of 12 and 15 with 
those of the complexes with rigid ligands, i.e. 13–14 and 16–17, respectively (Scheme 
3.2.3).  
The 31P as well as 1H NMR spectra of the complexes containing rigid ligands (13–14 and 
16–17) suggested that essentially single isomers were obtained in each case. For 
instance, the proton coupled 31P NMR spectrum of complex 13, containing (Sa,S)-L1g 
and dimethyl fumarate, showed a doublet of doublet at  152.6 (JPH = 15.9 and 4.7 Hz), 
along with a small signal at 151.7 (ratio ca 50:1), while the fumarate complex with 
(Ra,S)-L1f (14) showed a doublet of doublet at  154.0 (JPH = 15.1 and 5.5 Hz) and a 
minor signal at 145.6 ppm (ratio ca 12:1), as well as a signal at 151.1, probably 
originating from a complex with dba. Diethyl maleate complex 16 showed a 31P NMR 
signal at 153.2 ppm, which slowly replaced an initially observed signal at 149.3 ppm and 
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that of 17 a signal at 155.1 (minor signal at 147.7 ppm and a signal at 152.5 ppm 
originating from a complex with dba). In the 31P NMR spectra of complexes 12 and 15, 
with the flexible ligand (S)-L1a, signals at 153.6 and 155.8 ppm, respectively, were 
observed together with minor signals (155.7 in 12 and at 156.6 ppm in 15) originating 
from minor isomers (ratio ca 11:1 in both cases). No separation of signals in the 31P or 
1H NMR spectra occurred upon cooling to –70 °C, thus demonstrating that the spectra 
observed at ambient temperature are not a result of rapid equilibration of isomers (See 
Supporting Information 3.2.7.2 and 3.2.7.3). Characteristic 1H and 31P signals are shown 
in Table 3.2.2. 
Although the NMR spectra of the three complexes 12–14 have many features in common 
(Table 3.2.2), that of 12, with flexible ligand (S)-L1a, resembles more that of the 
complex with rigid ligand Sa,S-L1g than that with Ra,S-L1f, as judged by the chemical 
shifts and coupling constants of the oxazoline ring protons and the olefinic protons as 
well as by the chemical shift difference of the tert-butyl protons ortho to the phosphite 
function ( ppm ca 0.2 ppm in 12 and 13 and 0.01 ppm in 14), which is influenced by 
the proximity of the coordinated olefin and thereby by the conformation of the ligand. 
These spectral features suggest that the ligand in complex 12 adopts Sa,S configuration. 
Complete assignment of the 1H NMR spectrum of 16 was hampered due to overlapping 
signals, but due to the similarity of the spectra 15 and 16, in particular the chemical 
shifts of the oxazoline ring protons and the tert-butyl protons ortho to the phosphite 
moiety, it was assumed that 15 and 16 have the same absolute configuration. Although 
the NMR study thus suggests that the flexible ligand adopts (Sa,S) configuration in 
complexes with both types of olefins, the spectra do not allow definite conclusions about 
the configuration of the flexible ligand in the two complexes. For this reason, DFT 
calculations were performed (see below, section 3.2.2.4.). 
 
Table 3.2.2. Characteristic NMR data for olefin protons Ha and Hb for complexes 12–17. 






















































a Assignments hampered due to overlapping signals 
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Knowing that the catalyst with (Sa,S)-L1g leads to the (S)-product enantiomer and that 
with (Ra,S)-L1f to the opposite enantiomer, each olefin was expected to coordinate with 
different faces to palladium in complexes with the two ligands. Nucleophilic attack trans 
to phosphorus rather than trans to nitrogen is expected as a result of the stronger trans 
influence of phosphorus.19 Due to the analogy of the product olefin complexes and our 
model complexes, those containing the (Sa,S)-L1g ligand were thus expected to be A 
and C, and those with the diastereomeric (Ra,S)-L1f ligand, B and D (Figure 3.2.3). 
However, NOESY experiments of the three palladium fumarate complexes 12–14 
showed NOE interactions between the olefinic proton located trans to the phosphite 
moiety (Hb) and the proton of the isopropyl oxazoline substituent (Figure 3.2.4). This 
suggests that, in contrast to expectations, all fumarate complexes coordinate as in A, 
regardless of the configuration of the biaryl phosphite moiety.  
 
Figure 3.2.4.Relevant NOE contacts of Pd-complexes 12–14. 
3.2.2.4. Theoretical Studies 
In order to determine the configuration of the flexible ligand in reactions with the two 
substrates as well as whether the olefins coordinate via the same face in complexes with 
the two rigid ligands although products with different absolute configuration were 
obtained, DFT calculations were performed. The relative stabilities of the product olefin 
complexes were initially calculated, using the olefin complexes obtained from 
nucleophilic addition of dimethyl malonate to allyl complexes derived from the two 
substrates (Figure 3.2.5 and Figure 3.2.6).  
In agreement with the results of the NMR study, it was found that complexes containing 
product olefins with S absolute configuration were more stable than those with R 
configuration for both ligands and for both olefins (Figures 3.2.5 and 3.2.6); large energy 
differences were indeed found for the two complexes (Sa,S)-S (A) and (Sa,S)-R (B) with 
linear olefin 10 (Figure 3.2.5a) as well as for (Ra,S)-S (C) and (Ra,S)-R (D), containing 
cyclic olefin 11 (Figure 3.2.6a).  
A smaller energy difference between the two olefin complexes (Ra,S)-S (A) and (Ra,S)-
R (B) was observed, although the configuration of the product 10 predicted by the 
calculations is opposite to that observed experimentally (Figure 3.2.5b). 
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Figure 3.2.5. Calculated relative energies for palladium complexes A and B containing olefin 
10 using ligands (a) (Sa,S)-L1g and (b) (Ra,S)-L1f. For use of A and B, compare Figure 
3.2.3. 
 
Figure 3.2.6. Calculated relative energies for palladium complexes C and D containing olefin 
11 using ligands (a) (Sa,S)-L1g and (b) (Ra,S)-L1f. For use of C and D, compare Figure 3.2.3. 
The opposite isomer is also predicted for reaction with 3-cyclohexenyl acetate using 
(Ra,S)-L1f (Figure 3.2.6b). The explanation for the formation of products with opposite 
absolute configuration from catalytic reactions using complexes containing (Sa,S)-L1g 
and (Ra,S)-L1f should therefore be sought in the relative stabilities of the transition 
states leading to the different products. Transition state (TS) calculations were therefore 
performed. In order to simplify the calculations, NH3 was used as the nucleophile.  
Neglecting anti,anti and anti,syn complexes, which constitute minor isomers, two 
syn,syn Pd-3-allyl, exo and endo, complexes derived from rac-(E)-1,3-diphenyl-2-
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propenyl acetate are possible from each ligand, as illustrated for (Sa,S)-L1g, (Ra,S)-L1f, 
and (S)-L1a in Figure 3.2.7 Assuming that nucleophilic attack on the allyl complex to 
form the product olefin complex proceeds by a least-motion reaction path, 20  allyl 
complexes (Sa,S)-exo and (Ra,S)-endo are those which lead to the observed products, 
with S and R configuration, respectively. 
The calculated energies of the transition states leading to the observed product and the 
enantiomers are shown in Table 3.2.3. A larger energy difference was found between 
the two TSs leading to opposite enantiomers in reactions with ligand (Sa,S)-L1g as 
compared to those with (Ra,S)-L1f, which is in accordance with the experimental results 
(>99% (S) vs 20% (R); Table 3.2.1, entries 2 vs 3). In addition, the TSs for (Ra,S)-L1f 
are higher in energy than the most stable TS for (Sa,S)-L1g, which fully accounts for the 
lower reactivity observed for the Pd/(Ra,S)-L1f catalytic system. The high ee's observed 
in reactions using (S)-L1a as ligand are also reflected in the energy difference calculated 
for the endo and exo structures with this ligand.  
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Table 3.2.3. Calculated relative energies (in kcal/mol) for the TSs from exo and endo Pd-3-
allyl intermediates, using S1 and S2 and NH3 as nucleophile. 
  S1  S2 
Ligand  exo  endo  exo  endo 
(Sa,S)-L1g  0  4  2  0 
(Ra,S)-L1f  2.6a  2.5a  2.2b  2.8b 
(S)-L1a  0  4.3  1  0 
a Energies relative to that of exo-(Sa,S)-L1g.  b Energies relative to that of endo-(Sa,S)-L1g. 
 
Analogous calculations were performed for complexes from 3-cyclohexenyl acetate 
(Figure 3.2.8). The calculated TS energy differences between the exo and endo 
complexes (Table 3.2.3) are in agreement with the high enantiomeric excesses observed 
using (Sa,S)-L1g as ligand, and also with the observation of opposite enantiomers of 
alkylated product 11 using the two diastereoisomeric ligands (Sa,S)-L1g and (Ra,S)-L1f 
(99% (S) using (Sa,S)-L1g vs 92% (R) for (Ra,S)-L1f; Table 3.2.1, entries 2 vs 3). 
Again, the energy of the TS for the reaction catalyzed by (Ra,S)-L1f is higher than that 
of the reaction catalyzed by (Sa,S)-L1g, which is in agreement with the higher reactivity 
observed for Pd/(Sa,S)-L1g compared to Pd/(Ra,S)-L1f catalyst. 
 
 
Figure 3.2.8. Pd-3-allyl exo and endo TSs from 3-cyclohexenyl acetate (S2). 
The conclusion of the calculations is thus that in the reaction of rac-(E)-1,3-diphenyl-2-
propenyl acetate with (Sa,S)-L1g the TS leading to the product with S configuration, 
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which is the product observed experimentally, is lowest in energy, and the olefin complex 
of this product is that which is most stable. In contrast, for (Ra,S)-L1f, the TS leading to 
the product with R configuration, which is the product observed experimentally, is lowest 
in energy, whereas the olefin complex of the product with S configuration is lowest in 
energy.  
In the reaction of rac-3-cyclohexenyl acetate with (Sa,S,)-L1g, the TS leading to the 
product with S configuration, which is the product observed experimentally, is lowest in 
energy, and the olefin complex of this product is that which is most stable. In contrast, 
for (Ra,S)-L1f, the TS leading to the product with R configuration, which is the product 
observed experimentally, is lowest in energy, whereas the olefin complex of the product 
with S configuration is lowest in energy. Thus, in reactions with both types of substrates 
where (Ra,S)-L1f is used as ligand, the lowest energy transition state complexes lead to 
product olefin complexes which are higher in energy than those from olefins with 
opposite absolute configuration. The calculations thus provide an explanation why the 
model olefins coordinate to palladium via the same face in complexes with the two rigid 
ligands, although they lead to products with opposite absolute configuration in the 
catalytic reactions.  
3.2.2.5. Other substrates and nucleophiles. Scope and limitations 
To further study the behavior of ligand (S)-L1a and its rigid analogues (Sa,S)-L1g and 
(Ra,S)-L1f, and to investigate whether the similar behavior of the two best ligands (S)-
L1a and (Sa,S)-L1g is general, we extended the previous work to O-nucleophiles and C-
nucleophiles other than dimethyl malonate as well as to the alkylation of other substrates 
(Tables 3.2.4–3.2.9). 
Table 3.2.4 shows the results of the use of Pd/(S)-L1a in the allylic substitution of 
symmetrically disubstituted linear substrate S1, using a wide range of C- and O-
nucleophiles. We were pleased to note that Pd/(S)-L1a is very tolerant to variation of 
the steric properties of the ester moiety and the substituents of the malonate 
nucleophiles (entries 2–8). A broad range of malonates provided products 18–24 in high 
yields and with excellent enantioselectivities, comparable to those obtained with dimetyl 
malonate (ee's up to >99%). Of particular interest are the high enantioselectivities 
achieved with allyl-, butenyl-, pentenyl- and propargyl-substituted malonates, whose 
products are key intermediates in the synthesis of more complex chiral products.21 The 
addition of acetylacetone (compound 25) also proceeded with similar high 
enantioselectivities (ee's up to 98%, entry 9). Interestingly, we could also reach ee's up 
to 99% and high yield in the allylic fluorobis(phenylsulfonyl)methylation of S1 using 
Pd/(S)-L1a (compound 26, entry 10). The efficient allylic substitution with this type of 
nucleophile opens up a path for obtaining highly appealing chiral monofluoromethylated 
compounds, which are attracting significant attention in the field of medicinal 
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chemistry.22  Despite this, only one catalytic system has previously been successfully 
applied, although it resulted in lower enantioselectivity (ee's up to 96%) than the present 
system and also required lower temperature (0 ºC) than our Pd/(S)-L1a catalyst.23 
 
Table 3.2.4. Pd-catalyzed allylic substitution of disubstituted linear substrates using ligand 
(S)-L1a.a 





H-CH(CO2Me)2 10 100 (94) >99 (S) 
2 S1 H-CH(CO2Et)2 18 100 (93) >99 (S) 
3 S1 H-CH(CO2Bn)2 19 100 (95) >99 (S) 
4 S1 H-CMe(CO2Me)2 20 96 (91) 99 (R) 
5 S1 H-Callyl(CO2Me)2 21 100 (92) >99 (R) 
6 S1 H-Cbutenyl(CO2Et)2 22 100 (89) >99 (R) 
7 S1 H-Cpentenyl(CO2Et)2 23 100 (93) 93 (R) 
8 S1 H-Cpropargyl(CO2Me)2 24 100 (91) >99 (R) 
9 S1 H-CH(COMe)2 25 100 (89) 98 (S) 
10d S1 H-CF(SO2Ph)2 26 100 (76) 99 (R) 
11d S1 H-OCH2Ph 27 76 (69) 33 (R) 
12d S1 H-OCH2(p-Me-C6H4) 28 82 (76) 25 (-) 
13d S1 H-OCH2(p-CF3-C6H4) 29 100 (93) 97 (-) 
14d S1 H-OCH2(m-Me-C6H4) 30 75 (69) 37 (-) 
15d S1 H-Oallyl 31 89 (81) 32 (-) 
16d S1 H-Opropargyl 32 75 (70) 40 (R) 
17d S1 H-OSi(Me)2Ph 33 94 (79) 98 (R)e 
18d S1 H-OSiPh3 34 100 (91) 99 (R)e 
a 0.5 mol % [Pd(3-C3H5)Cl]2, 1.1 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, r.t. b % 
Conversion measured after 10 min. Isolated yield shown in parenthesis. c Enantiomeric excesses 
determined by chiral HPLC or GC. d Conversions and yields measured after 18 h. e Measured after 
desilylation to the corresponding alcohol.  
 
We then considered the allylic substitution of S1 using several O-nucleophiles (entries 
11–18). The asymmetric Pd-catalyzed allylic etherification has recently attracted the 
attention of many researchers because the resulting chiral ethers and related derivatives 
are important intermediates in the synthesis of biologically active compounds.24 Despite 
its importance, few successful examples exist and most of them use phenols as O-
nucleophiles,25 being aliphatic ethers26 and silanols26d much less studied. The application 
of Pd/(S)-L1a to several aliphatic alcohols provided the desired products in excellent 
yields. For benzylic alcohols, the enantioselectivity was affected by the electronic nature 
of the nucleophile. The best enantioselectivity (97% ee, entry 13) was achieved with an 
electron-withdrawing group in the para position of the aryl group. Even more interesting 
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are the almost perfect enantioselectivities (ee's up to 99%) and high yields achieved in 
the etherification of S1 with silanols (entries 17–18).  
The results surpass those of the only Pd/CycloN2P2-Phos catalytic type system that has 
provided high enantioselectivities (up to 94%)26d so far. Therefore, Pd/(S)-L1a can be 
used for preparing chiral silyl ethers that can be easily transformed into high-value 
compounds such as chiral aromatic allylic alcohols. 
The scope of Pd/(S)-L1a was further investigated by using other symmetrical linear 
substrates with steric and electronic requirements (S3–S6) different from those of S1 
(Table 3.2.5).  
 
Table 3.2.5. Pd-catalyzed allylic substitution of disubstituted linear substrates using ligand 
(S)-L1a.a 






H-CH(CO2Me)2 35 100 (93) 99 (S) 
2 S3 H-Callyl(CO2Me)2 36 100 (91) 99 (R) 
3 S3 H-Cbutenyl(CO2Et)2 37 100 (92) 94 (R)d 
4 
 
H-CH(CO2Me)2 38 100 (89) 99 (S) 
5 
 
H-CH(CO2Me)2 39 100 (91) 99 (S) 
6 
 
H-CH(CO2Me)2 40 100 (90) 99 (S) 
a 0.5 mol % [Pd(3-C3H5)Cl]2, 1.1 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, r.t.                        
b % Conversion measured after 10 min. Isolated yield shown in parenthesis. c Enantiomeric excesses 
determined by chiral HPLC or GC. d Measured after transformation to the corresponding RCM-adduct.  
 
 
The Pd/(S)-L1a catalytic system can also be used for the alkylation of substrates S3–
S6, with different substituents in the aryl groups, with various carbon nucleophiles with 
excellent enantioselectivities and yields, comparable to those of S1 (Table 3.2.5, entries 
1–6). We also found that the biaryl-phosphite group in Pd/(S)-L1a can adapt its chiral 
pocket and successfully catalyze the alkylation of S7 (Table 3.2.6, entries 1–7). This 
substrate is less sterically demanding and therefore enantioselectivities tend to be lower 
than with model substrate S1. The present results are among the best in the literature 
for this substrate,7 even using highly appealing nucleophiles such as -substituted with 
methyl, allyl and butenyl groups, for which only very few catalytic systems have provided 
high enantioselectivities.21 Interestingly, Pd/(S)-L1a can also successfully be used for 
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the alkylation of S8 (ee's up to >95%, entry 8). This substrate is more sterically 
demanding and it usually reacts with inferior catalytic performance than S1 and S3–S4.   
 
Table 3.2.6. Pd-catalyzed allylic substitution of disubstituted linear substrates S7-S8 using 
ligand (S)-L1a.a 





H-CH(CO2Me)2 41 100 (89) 93 (S) 
2d S7 H-CH(CO2Bn)2 42 100 (91) 82 (S) 
3d S7 H-CH(COMe)2 43 100 (90) 85 (S) 
4d S7 H-CMe(CO2Me)2 44 100 (86) 80 (S) 
5d S7 H-Callyl(CO2Me)2 45 100 (89) 90 (S) 
6d S7 H-Cbutenyl(CO2Et)2 46 100 (90) 87 (S) 
7d S7 H-Cpropargyl(CO2Me)2 47 100 (87) 72 (S) 
8e 
 
H-CH(CO2Me)2 48 100 (92) >95 (S)f 
a 0.5 mol % [Pd(3-C3H5)Cl]2, 1.1 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, r.t. b % 
Conversion measured after 10 min. Isolated yield shown in parenthesis. c Enantiomeric excesses 
determined by chiral HPLC or GC. d Reactions carried out at 0 ºC for 18 h. e % Conversion measured 
after 18 h f Ee measured by 1H NMR using [Eu(hfc)3]. 
 
We then focused our attention on the allylic substitution of cyclic substrate S2 with more 
challenging nucleophiles than dimethyl malonate and on the alkylation of other cyclic 
substrates with different ring sizes (S9 and S10). Table 3.2.7 shows that a wide range 
of C-nucleophiles, including the less studied -substituted malonates and acetylacetone, 
can efficiently react with S2 to provide the corresponding compounds (49–54) with high 
yields and enantioselectivities (ee's up to >99%), comparable to those obtained with 
dimethyl malonate (11). The exception was propargyl-substituted malonate, which led 
to somewhat lower enantioselectivity (compound 53, ee's up to 92%), but still good for 
this challenging C-nucleophile. Remarkably, Pd/(Sa,S)-L1g also efficiently catalyzes the 
alkylation of cyclic substrates S9 and S10 (Table 3.2.7, entries 8–11, compounds 55–
58). Excellent-to-high enantioselectivities (ee's between 96% and >99%) were obtained 
in both cases, even with S10, which usually provides products with much lower 
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Table 3.2.7. Pd-catalyzed allylic substitution of cyclic substrates using ligand (Sa,S)-L1g.a 
Entry Substrate H-Nu Product % Convb (% yield) % eec 
1 
 
H-CH(CO2Me)2 11 100 (92) 99 (S) 
2 S2 H-CH(CO2Et)2 49 100 (93) >99 (S) 
3 S2 H-CH(CO2Bn)2 50 100 (90) 97 (S) 
4 S2 H-CMe(CO2Me)2 51 100 (89) 99 (+) 
5 S2 H-Callyl(CO2Me)2 52 100 (91) >99 (-) 
6 S2 H-Cpropargyl(CO2Me)2 53 100 (88) 92 (S) 
7 S2 H-CH(COMe)2 54 100 (93) 99 (-) 
8 
 
H-CH(CO2Me)2 55 100 (92) >99 (S) 
9 S9 H-Cpropargyl(CO2Me)2 56 69 (65) >99 (S) 
10 
 
H-CH(CO2Me)2 57 100 (86) >95 (-)d 
11 S10 H-Cpropargyl(CO2Me)2 58 100 (87) 96 (S) 
a 0.5 mol % [Pd(3-C3H5)Cl]2, 1.1 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, r.t. b % 
Conversion measured after 30 min. Isolated yield shown in parenthesis. c Enantiomeric excesses 
determined by chiral HPLC or GC. d Ee measured by 1H NMR using [Eu(hfc)3]. 
 
We next studied if the rigid analogues of (S)-L1a (ligands (Sa,S)-L1g and (Ra,S)-L1f) 
follow the same trend in the allylic substitution of unsymmetrical monosubstituted 
substrates S11 and S12 (Eqs 2, Table 3.2.8) as in reactions with disubstituted 
substrates. The challenge in these substrates is that both the enantioselectivity and 
regioselectivity need to be controlled, and most palladium catalysts favor the formation 
of the usually undesired achiral linear product.7,27,28 In our previous work we found that 
alkylation of S11 and S12 catalyzed by Pd/(S)-L1a proceeded with regio- and 
enantioselectivities comparable to those of the best ones reported.11 As observed with 
the previously studied linear disubstituted substrates, Pd/(SaS)-L1g gave excellent 
results and provided the desired branched isomers (compounds 59 and 61), with 
enantioselectivities that were as high as those obtained with Pd/(S)-L1a, as major 
products (Table 3.2.6).  
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Table 3.2.8. Pd-catalyzed allylic substitution of monosubstituted substrates S11 and S12.a  
Entry Substrate Ligand % Convb 
(%yield) 
% branchedc % eed 
1 S11 (S)-L1a  100 (91) 68 86 (S) 
2 S11 (Sa,S)-L1g 100 (90) 65 85 (S) 
3 S11 (Ra,S)-L1f 100 (90) 15 42 (R) 
4 S11 (Sa,S)-L1g+(Ra,S)-L1f 100 (91) 50 79 (S) 
5 S12 (S)-L1a  100 (92) >99 92 (S) 
6 S12 (Sa,S)-L1g 100 (89) 95 90 (S) 
7 S12 (Ra,S)-L1f 100 (90) 40 41 (R) 
8 S12 (Sa,S)-L1g+(Ra,S)-L1f 100 (91) 70 61 (S) 
a 1 mol % [Pd(3-C3H5)Cl]2, 2.2 mol % ligand, benzene as solvent, BSA/KOAc as base, 0 ºC. b % 
Conversion measured after 2 h. Isolated yield shown in parenthesis. c Regioselectivity measured by 
1H NMR. d Enantiomeric excesses determined by chiral HPLC.  
 
Finally, the good performance of Pd/(S)-L1a and Pd/(Sa,S)-L1g also extended to the 
allylic substitution of unsymmetrical 1,3,3,-trisubstituted allylic substrates (S13–S14, 
Table 3.2.9). These reactions have a large interest because the substitution products 
can easily be transformed into chiral acid derivatives and lactones.29 Theses substrates 
have been less studied and less successfully alkylated than disubstituted substrates 
because they are more sterically demanding than model substrate S1.30 The results 
shown in Table 3.2.9 show the same trend as for the allylic substitution of S1. The Pd-
catalysts containing ligands (S)-L1a and (Sa,S)-L1g provided the best 
enantioselectivities (ee's up to >99% for both substrates). Again the flexibility conferred 
by the biaryl phosphite moiety was enough to adequately control the size of the chiral 
pocket in order to achieve enantioselectivities comparable to the best one reported.30 In 
line with the literature results, and as observed for S8, the activities were lower than in 
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Table 3.2.9. Pd-catalyzed allylic substitution of trisubstituted substrates 
S13 and S14.a 
Entry Substrate Ligand % Convb (%yield) % eec 
1 S13 (S)-L1a 87 (84) >99 (R) 
2 S13 (Sa,S)-L1g 84 (79) 99 (R) 
3 S13 (Ra,S)-L1f 65 (62) 41 (S) 
4 S14 (S)-L1a 98 (95) >99 (R) 
5 S14 (Sa,S)-L1g 95 (90) 99 (R) 
6 S14 (Ra,S)-L1f 71 (65) 24 (S) 
a 2 mol % [Pd(3-C3H5)Cl]2, 4.4 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as 
base, rt. b % Conversion measured after 24 h. Isolated yield shown in 
parenthesis. c Enantiomeric excesses determined by chiral HPLC.  
3.2.3. Discussion 
High enantiocontrol is achieved in a variety of processes employing metal complexes 
with phosphinooxazoline, PHOX, ligands (65) as catalysts, 31  and for this reason 
phosphinooxazolines are classified as privileged ligands.2 In a variety of catalytic 
processes phosphite ligand (S)-L1 has properties similar to those of phosphine ligands 
65. 32  However, whereas (4S)-2-(2’-diphenylphosphino)phenyl-4-isopropyl-4,5-
dihydrooxazole (65, R = iPr; Figure 3.2.9) gives excellent results in asymmetric allylic 
alkylations with rac-(E)-1,3-diphenyl-2-propenyl as substrate (98% ee), modest to good 
results are obtained with rac-(E)-1,3-dialkyl-2-propenyl substrates, and racemic product 
with the rac-3-cyclohexenyl derivatives. In contrast, L1a provides excellent results with 
all these types of substrates. The chiral PHOX ligands interact with the substrate mainly 
at its wings. As a consequence, allylic systems with bulky substituents show high 
exo:endo ratios and high enantioselectivities, whereas narrow systems give low 
selectivity.32 In contrast, ligands (S)-L1a and (Sa,S)-L1g are more flexible and can 
accommodate a wider range of substrates, thereby yielding excellent enantioselectivities 
for both “broad” and “narrow” substrates. In fact, by replacing the phosphine moiety by 
a biaryl phosphite in the PHOX ligand, we were able to identify unprecedented catalytic 
systems (Pd/(S)-L1a and Pd/(Sa,S)-L1g) that with high enantiocontrol generate C-C, C-
N, and C-O bonds for a number of hindered and unhindered mono-, di- and tri-
substituted substrates using a wide range of C, N and O-nucleophiles.  
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Figure 3.2.9.Phosphinooxazoline ligand 65. 
The enantioselectivity of the catalytic reactions is reflected by the energy difference 
between the exo and endo like transition states, provided that nucleophilic attack occurs 
only trans to phosphorus. In the reaction of rac-(E)-1,3-diphenyl-2-propenyl acetate 
(S1) in the presence of (Sa,S)-L1g (with NH3 as nucleophile) this difference was 
calculated to 4 kcal/mol, in good agreement with the selectivity observed experimentally 
(>99% ee). The selectivity observed experimentally in reaction with the cyclic substrate 
S2 was slightly lower (99% ee), well corresponding to the computed energy difference 
between the two transition states, 2 kcal/mol. For reactions of the two substrates in the 
presence of PHOX ligand 65 (R = iPr; Figure 3.2.9) the corresponding values were 
calculated to 2.2 and 0 kcal/mol, respectively, thus reflecting the somewhat lower 
selectivity obtained from S1 as compared to that obtained using (Sa,S)-L1g , and the 
formation of racemic product from S2.20  
Contrary to expectations, the absolute configuration of the products could not be entirely 
predicted from the structure of the most stable olefin complex, implying that at least for 
reactions employing (Ra,S)-L1f as ligand, the transition states resemble the palladium 
allyl complexes rather than the olefin complexes. For (S)-L1a and (Sa,S)-L1g exo 
complexes are more stable than endo complexes, in analogy to complexes with PHOX 
ligands, whereas for (Ra,S)-L1f the endo complex has slightly higher stability than the 
exo complex.  
While the previously studied semiflexible ligands 1 and 2 (Figure 3.2.1) adopt different 
configurations in product olefin complexes obtained in reactions with the two types of 
substrates, (S)-L1a prefers a (Sa,S) configuration with both “broad” and “narrow” 
substrates. The ability of this ligand to adapt the size of the substrate-binding pocket to 
the reacting substrate is therefore a result of the high flexibility of the biaryl phosphite 
group. 
3.2.4. Conclusions 
Contrary to previously studied flexible ligands, (S)-L1a adopts (Sa,S) configuration in 
complexes mimicking product olefin complexes obtained in palladium catalyzed allylic 
alkylations of both “broad” and “narrow” allylic substrates. Although the olefins 
coordinate with the same face to palladium in diastereomeric rigid ligands with (Sa,S) 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





and (Ra,S) configuration, products with opposite absolute configuration are obtained. 
The explanation is found in the different energies of the transition state complexes.  
The origin of the exceptionally broad substrate scope of the ligand as well as its ability 
to control the stereochemistry in a variety of catalytic processes is connected to its 
defined stereochemical structure combined with the high flexibility of the tropos unit. 
The unique ability of the ligand to modify its chiral pocket would justify its addition to 
the family of privileged ligands. 
3.2.5. Experimental Part 
3.2.5.1. General Procedures  
Unless stated otherwise, reactions were carried out under an atmosphere of nitrogen 
using standard Schlenk techniques. NMR spectra (1H, 13C, and 31P) were measured on 
Bruker DRX 400 MHz and Bruker DRX 500 MHz instruments; CDCl3 was used as a solvent, 
if not further specified.  
3.2.5.2. Materials  
With exception of the compounds given below, all reagents were purchased from 
commercial suppliers and used without further purification. The following compounds 
were synthesized according to published procedures: (S)-5,6,7,8,5,6,7,8-octahydro-
(1,1'-binaphtalene)-2,2'-diol (S)-6,15 (R)-5,6,7,8,5,6,7,8-octahydro-(1,1'-
binaphtalene)-2,2'-diol (R)-6,15 and (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-
yl)phenol.17 Racemic substrates S1–S14,33 diethyl 2-(3-butenyl)malonate34 and diethyl 
2-(4-penten-1-yl)malonate35 were prepared as previously reported. 
3.2.5.3. Computational details 
The geometries of all intermediates were optimized using the Gaussian 09 program,36 
employing the B3LYP37 density functional and the LANL2DZ38 basis set for iridium and 
the 6-31G* basis set for all other elements.39 Solvation correction was applied in the 
course of the optimizations using the PCM model with the default parameters for 
dichloromethane.40 The complexes were treated with charge +1 and in the single state. 
No symmetry constraints were applied. The energies were further refined by performing 
single point calculations using the above mentioned parameters, with the exception that 
the 6-311+G**41 basis set was used for all elements except palladium, and by applying 
dispersion correction using DFT-D3 42  model. All energies reported are Gibbs free 
energies at 298.15 K and calculated as Greported = G6-31G* + (E6-311+G** - E6-31G*) + EDFT-
D3. 
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3.2.5.4. Procedures for the synthesis of L1a, L1f-g. 
 
Synthesis compound (S)-7.16In a Schlenk were placed (S)-6 (1.0 g, 3.4 mmol), tert-
butyl chloride (9.2 mL, 85 mmol), and chloropentacarbonylrhenium(I) (10 mol %). The 
reaction mixture was heated at reflux for 18 h under stream of nitrogen. The mixture 
was cooled to room temperature and concentrated. The residue was purified by flash 
chromatography (silica gel, hexane/CH2Cl2 3:1) to afford (S)-7 (1.34 g, yield 97%) as a 
white foam. 1H NMR (500 MHz, CDCl3):  =1.33 (s, 18H), 1.59 (m, 4H), 1.65 (m, 4H), 
2.11 (m, 2H), 2.02 (m, 2H), 2.66 (m, 4H), 4.78 (s, 2H), 6.99 (s, 2H); 13C NMR (126 
MHz): = 23.2 (CH2), 26.8 (CH2), 29.5 (CH2), 29.6 (CH3), 34.5 (CH), 119.5 (C),  128.3 
(C),  129.1 (C), 133.8 (C),  134.5 (C),  150.1 (C). 
 
Synthesis of compound (S)-8.43 In a flame-dried Schlenk, distilled PCl3 (0.21 mL, 2.46 
mmol) and Et3N (0.70 mL, 4.92 mmol) were dissolved in dry toluene (22 mL). The 
solution was cooled to -78 °C and a solution of (S)-7 (500 mg, 1.23 mmol) and DMAP 
(10 mol %) in toluene  (3 mL) was added dropwise over 10 min. The mixture was left to 
warm to room temperature overnight. After this time the formation of product was 
checked by 31P NMR. The solvent and the residual PCl3 were removed under vacuum. 
The resulting solid was used for the next step without any further purification.  
 
Synthesis compound (Sa,S)-L1g. To a solution of compound (S)-8 in dry toluene (7 
mL) in a flame-dried Schlenk, a solution of (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-
yl)phenol 9 (252.4 mg, 1.23 mmol), Et3N (0.51 mL, 3.69 mmol), and DMAP (10 mol %) 
in toluene (3 mL) was added dropwise at -78 °C. The mixture was left to warm to room 
temperature and stirred overnight at this temperature. The precipitate formed was 
filtered over a pad of celite and the solvent was evaporated under vacuum. The residue 
was purified by flash chromatography (silica gel, hexane/Et2O 10:1 to 3:1) and then 
crystallized from hexane/Et2O 5:1 to afford (Sa,S)-L1g (75 mg, 10% over two steps) as 
white crystals. 31P NMR (202 MHz): δ= 129.0. 1H NMR (500 MHz, CD2Cl2): δ= 0.86 (dd, 
J = 10.0, 6.8 Hz, 3H), 0.97 (dd, J = 10.0, 6.7 Hz, 3H), 1.21 (d, J = 10.1 Hz, 9H), 1.40 
(d, J = 10.1 Hz, 9H), 1.46 (m, 1H), 1.57 (m, 4H), 1.71 (m, 4H), 1.94 – 1.77 (m, 2H), 
2.25 (m, 2H), 2.67 (m, 2H), 2.84 – 2.74 (m, 2H), 3.95 (dd, J = 18.1, 8.3 Hz, 1H), 4.02 
(dd, J = 17.1, 7.7 Hz, 1H), 4.29 (dd, J = 17.8, 9.6 Hz, 1H), 5.58 (m, 1H), 6.92 (s, 1H), 
6.93 (s, 1H), 6.98 (m, 1H), 7.12 (d, J = 10.1 Hz, 1H), 7.64 (m, 1H). 13C NMR (126 MHz): 
δ=18.8 (CH3), 19.3 (CH3), 23.3 (CH2), 23.4 (CH2), 23.5 (CH2), 23.6 (CH2), 27.4 (CH2), 
27.7 (CH2), 29.9 (CH2), 30.7 (CH2), 31.2 (CH3), 33.6 (CH2), 34.7 (CH), 34.9 (CH), 70.2 
(CH2), 73.5 (CH2), 123.7 (C), 124.1 (CH), 127.6 (CH), 127.8 (CH), 130.2 (CH), 131.5 
(C), 133.6 (CH), 135.5 (CH), 135.7 (CH), 138.3 (CH), 138.8 (C), 145.4 (C), 151.0 (C), 
151.7 (C), 160.9 (CH). MS HR-ESI [found 662.3377, C40H50NO4P (M-Na)+ requires 
662.3375]. 
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Synthesis compound (R)-7.16 In a Schlenk were placed (R)-6 (1.0 g, 3.4 mmol), tert-
butyl chloride (9.2 mL, 85 mmol), and chloropentacarbonylrhenium(I) (10 mol %). The 
reaction mixture was heated at reflux for 18 h under a stream of nitrogen. The mixture 
was cooled to room temperature and concentrated. The residue was purified by flash 
chromatography (silica gel, hexane/CH2Cl2 3:1) to afford (R)-7 (1.0 g, yield 72 %) as a 
white foam. 1H NMR (500 MHz, CDCl3):  = 1.33 (s, 18H), 1.59 (m, 4H), 1.65 (m, 4H), 
2.02 (m, 2H), 2.11 (m, 2H), 2.66 (m, 4H), 4.78 (s, 2H), 6.99 (s, 2H).; 13C NMR (126 
MHz):  = 23.2 (CH2), 26.8 (CH2), 29.5 (CH2), 29.6 (CH3), 34.5 (CH), 119.5 (C), 128.3 
(C), 129.1 (C), 133.8 (C), 134.5 (C), 150.1 (C). 
 
Synthesis compound (R)-8.43 In a flame-dried Schlenk, distilled PCl3 (0.21 mL, 2.46 
mmol) and Et3N (0.70 mL, 4.92 mmol) were dissolved in dry toluene (22 mL). The 
solution was cooled to –78 °C and a solution of (R)-7 (500 mg, 1.23 mmol) and DMAP 
(10 mol %) in toluene (3 mL) was added dropwise over 10 min. The mixture was left 
warming to room temperature overnight. After this time the formation of product was 
checked by 31P NMR. The solvent and the residual PCl3 were removed under vacuum. 
The resulting solid was used for the next step without any further purification.  
 
Synthesis compound (Ra,S)-L1f. To a solution of compound (R)-8 in dry toluene (7 
mL) in a flame-dried Schlenk, a solution of the (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-
yl)phenol 9 (252.4 mg, 1.23 mmol), Et3N (0.51 mL, 3.69 mmol), and DMAP (10 mol %) 
in toluene (3 mL) was added dropwise at -78 °C. The mixture was left to warm to room 
temperature and stirred overnight at this temperature. The precipitate formed was 
filtered over a pad of celite and the solvent was evaporated under vacuum. The residue 
was purified by flash chromatography (silica gel, hexane/Et2O 10:1) to afford (Ra,S)-L1f 
(69 mg, 9% over two steps) as a white foam. 31P NMR (162 MHz): δ= 129.33. 1H NMR 
(400 MHz, CD2Cl2): δ= 0.82 (d, J = 8.0 Hz, 3H), 0.96 (d, J = 8.0 Hz, 3H), 1.21 (m, 10H), 
1.34 (m, 1H), 1.38 (m, 9H), 1.47 (s, 2H), 1.66 (m, 8H), 1.92 (m, 2H), 2.30 (m, 2H), 
2.70 (m, 2H), 2.77 (m, 2H), 3.94 (m, 2H), 4.28 (m, 1H), 6.12 (m, 1H), 6.98 (m, 2H), 
7.09 (m, 1H), 7.71 (m, 1H). 13C NMR (101 MHz): δ= 18.7 (CH3), 19.6 (CH3), 23.35 
(CH2), 23.38 (CH2), 23.47 (CH2), 23.5 (CH2), 23.6 (CH2), 27.9 (CH2), 30.2 (CH2), 31.3 
(CH2), 31.5 (CH3), 33.6 (CH2), 35.0 (CH), 35.1 (CH), 70.7 (CH2), 73.6 (CH2), 121.7 (C), 
124.2 (CH), 127.8 (CH), 128.1 (CH), 130.0 (CH), 131.8 (C), 133.2 (CH), 133.9 (CH), 
135.47 (CH), 135.45 (CH), 138.6 (CH), 139.0 (C), 144.9 (C), 145.3 (C), 150.8 (C), 
161.7 (CH). MS HR-ESI [found 662.3379, C40H50NO4P (M-Na)+ requires 662.3375]. 
 
3.2.5.5. General procedure for the preparation of the Pd(0)-olefin complexes 
for NMR studies. 
A solution of ligand (0.015 mmol), olefin (dimethyl fumarate or diethyl maleate) (0.015 
mmol), and Pd2(dba)3.CHCl3 (0.0075 mmol) in CD2Cl2 (15 mM) was stirred for 30 min 
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when dimethyl fumarate was used, and for 16 h when diethyl maleate was used. After 
this time the mixture was transferred into a 5 mm NMR tube and the spectra were 
recorded. For NMR data, see Table 3.2.2 and Supporting Information. 
 
3.2.5.6. Typical procedure for the allylic alkylation of linear (S1, S3–S8 and 
S11–S12) and cyclic (S2, S9 and S10) substrates.  
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand L1 (0.011 mmol) in dichloromethane (0.5 mL) was stirred 
for 30 min. After this time, a solution of substrate (0.5 mmol) in dichloromethane (1.5 
mL), nucleophile (1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (1.5 mmol) and KOAc (3 
mg, 0.03 mmol) were added. The reaction mixture was stirred at room temperature. 
After the desired reaction time the reaction mixture was diluted with Et2O (5 mL) and 
saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 
mL) and the extract dried over MgSO4. For compounds 1031b, 18–2648, 35–4050-51, 4252, 
45–4722a,54, 49–5222a, 5622b, 5957, 6120 and 63–6431b, the solvent was removed, 
conversions were measured by 1H NMR and enantiomeric excesses were determined by 
HPLC. For compounds 1131b, 4131b, 43–4422a,53, 53–5522a,22b and 5822b, conversion and 
enantiomeric excesses were determined by GC. For compounds 4831b and 5731b, 
conversion was measured by 1H NMR and ees were determined by 1H NMR using 
[Eu(hfc)3].  
 
3.2.5.7. Typical procedure for the allylic etherification and silylation of 
substrate S1.  
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand L1 (0.011 mmol) in dichloromethane (0.5 mL) was stirred 
for 30 min. Subsequently, a solution of S1 (31.5 mg, 0.125 mmol) in dichloromethane 
(1.5 mL) was added. After 10 min, Cs2CO3 (122 mg, 0.375 mmol) and the corresponding 
alkyl alcohol or silanol (0.375 mmol) were added. The reaction mixture was stirred at 
room temperature. After the desired reaction time, the reaction mixture was diluted with 
Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted 
with Et2O (3 x 10 mL) and the extract dried over MgSO4. Conversion was measured by 
1H NMR. HPLC was used to determine enantiomeric excesses of substrates 27–3427c,d.  
3.2.6. References 
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3.2.7. Supporting Information 
3.2.7.1. Low temperature NMR spectra of ligands (S)-L1a 
The low temperature NMR experiment was conducted varying the temperature from 25 
°C to -70 °C and then back to 25 °C. 
1H NMR of ligand (S)-L1a: 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = - 
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31P{1H} NMR of ligand (S)-L1a: 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = 





3.2.7.2. Low temperature NMR spectra of [Pd((S)-L1a)(C6H8O4)] complex (12) 
 
Low temperature NMR of [Pd((S)-L1a)(C6H8O4)] complex 12. The low temperature NMR 
experiment was conducted varying the temperature from 25 °C to -70 °C and then back 
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1H NMR spectra of [Pd((S)-L1a)(C6H8O4)] complex (12): 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = - 
50 °C, 8 = - 70 °C, 9 = 25 °C. 
 
31P{1H} NMR spectra of [Pd((S)-L1a)(C6H8O4)] complex (12): 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = - 
50 °C, 8 = - 70 °C, 9 = 25 °C. 
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3.2.7.3. Low temperature NMR spectra of [Pd((S)-L1a)(C8H12O4)] complex (15) 
 
Low temperature NMR of [Pd(S)-(L1a)(C8H14O4)] complex 15. The low temperature NMR 
experiment was conducted varying the temperature from 25 °C to -70 °C and then back 
to 25 °C. 
 
1H NMR spectra of [Pd((S)-L1a)(C8H12O4)] complex (15): 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = - 
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31P-{1H} NMR spectra of [Pd((S)-L1a)(C8H12O4)] complex (15): 
Spectra: 1 = 25 °C, 2 = 0 °C, 3 = - 10 °C, 4 = - 20 °C, 5 = - 30 °C, 6 = - 40 °C, 7 = - 
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3.3. Asymmetric Pd-catalyzed allylic substitution using phosphite-
oxazoline PHOX-based ligands containing a methylene linker. 
 
Magre, M.; Biosca, M.; Coll, M.; Pàmies, O.; Diéguez, M. Manuscript in preparation. 
 
Abstract: We report a reduced but structurally valuable phosphite-oxazoline ligand library 
L5-L7a-c for the Pd-catalyzed allylic substitution of several substrate types. These ligands 
not only allow to study the effect on catalytic performance of introducing a methylene spacer 
between the oxazoline group in previous phosphite-based PHOX ligands L1-L4, but also the 
effect of varying the oxazoline substituent and the biaryl phosphite group. By suitable tuning 
the ligand parameters we have been able to achieve high activities (TOF > 4000 mol 
substrate×(mol Pd×h)-1) and good-to-excellent enantioselectivities for a range of hindered 
and unhindered substrates. DFT calculations agree with an early transition state (TS). 
3.3.1. Introduction 
The palladium-mediated allylic substitution reaction has become an efficient synthetic 
tool for the formation of carbon-carbon and carbon-heteroatom bonds.1 Over the last 
decades a great number of ligands have been successfully applied for this 
transformation. Most of the ligands rely on using either ligands with a pendant group 
able to interact with the nucleophile and direct its approach to the substrate;2 or C2 
ligand scaffolds, to reduce the number of diastereoisomeric paths;3 or a combination of 
strong and weak donor groups, to control the nucleophile approach due to the different 
trans influence of the donor moieties4. All these approaches have led to the discovery 
of several widely used ligands (i.e. phosphine-oxazoline PHOX ligands, DACH-phenyl 
Trost ligand, …). Despite all these strategies and advances, the stereochemical 
outcome of the reaction is highly dependent on the steric demands of the substrate.  
 
Scheme 3.3.1. Typical enantioselectivities achieved using phosphine-oxazoline PHOX and 
diphosphine Trost ligand. 
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Thus, most of the best catalytic systems only afford high enantioselectivities for either 
hindered (i.e. phosphine-oxazoline PHOX ligand) or unhindered (i.e. diphosphine Trost 
ligand) substrates (Scheme 3.3.1). 
In this context our group has recently shown that the introduction of biaryl-phosphite 
moieties into the ligand design is highly advantageous. 5  As already mentioned in 
Section 3.2, the benefits have been attributed, on the one hand, to the larger -
acceptor ability of the phosphite groups, which increases reaction rates and, on the 
other hand, to the flexibility of the phosphite moieties, which allows the catalyst chiral 
pocket to adapt to both hindered and unhindered substrates. Thus, we have shown 
that the common substrate limitation of the phosphine-oxazoline PHOX-ligands could 
be overcome by replacing the phosphine moiety by a biaryl phosphite group.5b,g In 
particular, the excellent enantioselectivities achieved for both hindered and unhindered 
substrates justify the inclusion of the phosphite-based PHOX ligands to the small list of 
privileged ligands, 6  able to tolerate a broad range of substrates and nucleophiles. 
However, there are important nucleophiles that still don’t provide excellent levels of 
enantioselectivity (i.e. aliphatic alcohols).5g The search for more efficient catalytic 
systems constitutes therefore a key issue for the production of all sorts of enantiopure 
carbon-carbon and carbon-heteroatom bonds. 
To further investigate the possibilities of phosphite-based PHOX-based ligands, in this 
chapter we decided to study the effect of introducing a methylene linker in our 
previous phosphite-based PHOX-based ligands L1-L4 (Section 3.2). For this purpose, 
we report a reduced but structurally valuable ligand library for the Pd-catalyzed allylic 
substitution reactions (L5-L7a-c; Figure 3.3.1). With these ligands we also studied the 
effect on catalytic performance of systematically varying the oxazoline substituent (L5-
L7) and the biaryl phosphite group (a-c). By suitable tuning the ligand parameters we 
have been able to achieve high enantioselectivities for a range of substrates and 




Figure 3.3.1. PHOX-based phosphite-oxazoline ligands L5-L7a-c. 
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3.3.2.1. Preparation of Ligands 
The synthesis of new phosphite-oxazoline L5-L7a-c is straightforward in only three 
steps from readily available 2-hydroxybenzyl alcohol 1 (Scheme 3.3.2). The first step 
of the synthesis is the formation of the corresponding hydroxyl-cyanide 2 by treatment 
with sodium cyanide (step i). 7  The coupling of hydroxyl-cyanide 2 with the 
corresponding amino alcohol afforded the hydroxyl-oxazolines 3-5 (step ii). 8  The 
desired diversity in the oxazoline substituent was achieved in this step. Then, 
condensation of the desired insitu formed phosphorochloridites (ClP(OR)2 (OR)2= a-c) 
with the corresponding hydroxyl-oxazoline yielded phosphite-oxazoline ligands L5-
L7a-c, with different biaryl phosphite groups (step iii). All ligands were isolated in high 
yields as white solids. They were stable in air and very stable to hydrolysis, so further 
manipulation and storage was performed in air. HRMS-ESI spectra were in agreement 
with the assigned structures. The 1H, 31P and 13C NMR spectra were as expected for 
these C1 ligands (see Section 3.3.5). 
 
Scheme 3.3.2. Synthetic route for the synthesis of phosphite-oxazoline ligands L5-L7a-c. 
(i) NaCN, DMF, 130 ºC, 16 h (48% yield);7 (ii) amino alcohol, ZnCl2, C6H5Cl, reflux, 16 h 
(yields 68-78%);8 (iii) ClP(OR)2 ((OR)2= a-c), Py, toluene at rt for 18 h (yields 60-78%). 
 
3.3.2.2. Allylic substitution of disubstituted substrates S1-S2 using dimethyl 
malonate as nucleophile 
Bearing in mind that the stereochemical outcome of this reaction is highly dependent 
on the steric demands of the substrate, in this section, the Pd-catalyzed allylic 
substitution of rac-(E)-1,3-diphenyl-3-acetoxyprop-1-ene S1 and rac-3-
acetoxycyclohexene S2, with different steric properties, with dimethyl malonate as 
nucleophile were studied employing ligands L5-L7a-c. The catalysts were generated in 
situ from -allyl-palladium chloride dimer [PdCl(-C3H5)]2, the corresponding ligand 
and nucleophile. The results, which are shown in Table 3.3.1, indicate that 
enantioselectivities are affected by the biaryl phosphite group and the steric properties 
of the oxazoline substituent.  
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For both substrates, the results using ligands L5a-c indicated that the ligand backbone 
is not able to fully control the tropoisomerization of the biphenyl phosphite moiety. 
This contrast with the almost perfect tropoisomerization control exerted by the ligand 
backbone in phosphite-based PHOX-ligands L1-L4 presented in Section 3.2.5g Thus, 
the presence of an enantiopure (S)ax-biaryl phosphite group (c) is necessary to 
maximize enantioselectivities (entry 3 vs 1 and 2). 
The effect of the oxazoline substituent on enantioselectivities depends on the substrate 
type. Thus, for instance, while for substrate S1 the use of ligands L7, containing a 
bulky tert-butyl oxazoline substituent, has a negative effect on enantioselectivity 
(entry 9 vs 3 and 6), the use of ligands L7 afforded the highest ee’s for substrate S2 
(entry 9 vs 3 and 6). 
In summary, by carefully selecting the ligand components we have been able to 
achieve high activities (TOF’s up to >4000 mol substrate×(mol Pd×h)-1) and 
enantioselectivities in the Pd-catalyzed allylic substitution of both substrates types. 
Thus, the use of Pd-L6c and Pd-L7c catalytic systems provided the highest 
enantioselectivities for linear substrate S1 (ee’s up to 96%; entry 6) and for cyclic 
substrate S2 (ee’s up to 87%; entry 9), respectively. 
 
Table 3.3.1. Asymmetric Pd-catalyzed allylic alkylation of substrates S1 and S2 using 





Entry Ligand % Convb % eec  % Convd % eee 
1 L5a 100 92 (S)  100 60 (R) 
2 L5b 100 86 (S)  100 51 (R) 
3 L5c 100 95 (S)  100 66 (S) 
4 L6a 100 89 (S)  100 50 (R) 
5 L6b 100 82 (S)  100 30 (R) 
6 L6c 100f 96 (S)f  100 48 (S) 
7 L7a 100 73 (S)  100 30 (R) 
8 L7b 100 72 (S)  100 80 (R) 
9 L7c 100 92 (S)  100 86 (S) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 mL), BSA (3 
eq), dimethyl malonate (3 eq), KOAc (cat). b Conversion percentage determined by 1H-NMR after 
30 min. c Enantiomeric excesses determined by HPLC. Absolute configuration drawn in 
parentheses. d Conversion percentage determined by GC after 2 h. e Enantiomeric excesses 
determined by GC. Absolute configuration drawn in parentheses. f Reactions carried for 10 min 
using 0.1 mol% of catalyst precursor. TOF= 4048 mol S1×(mol Pd×h)-1 measured after 5 min 
(68% conversion). 
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3.3.2.3. Allylic substitution of disubstituted substrates using several 
nucleophiles. Scope and limitations 
We next considered studying the scope of Pd-L6c and Pd-L7c catalytic systems by 
using a range of C, N and O-nucleophiles with several linear and cyclic substrates, with 
different steric and electronic requirements (Figure 3.3.2). 
 
Figure 3.3.2. Substrates S1-S10 used in this study 
We initially considered the allylic substitution of S1 with Pd-L6c catalyst using a range 
C-, N- and O-nucleophiles, among which are the more challenging functionalized 
malonates, -diketones and alkyl alcohols (Figure 3.3.3). Several malonates, including 
those substituted with allyl-, butenyl, pentenyl- and propargyl-groups; reacted cleanly 
to S1 to afford products 8-14 in high yields and enantioselectivities (ee’s ranging from 
96% to 99%). The reaction also worked well when malononitrile (compound 15) and 
acetylacetone (compound 16) were used as nucleophiles (ee’s up to 96%). Similarly to 
previous reports, the use of isopropyl cyanoacetate (compound 17) as nucleophile 
resulted in the formation of two diastereoisomers with low diastereoselectivity,9 albeit 
both diastereoisomers were obtained in almost enantiopure form (ee’s up to 99%). The 
use of benzylamine as model N-nucleophile also provided the substitution product 18 
in high enantioselectivity (97% ee). Interestingly, the excellent enantiocontrol also 
extends to the use of several aliphatic alcohols and silanols (compounds 19-22, ee's 
up to 97%). As already mentioned in Section 3.2, although the Pd-allylic etherification 
is currently studied by relevant research groups, few successful examples have been 
reported and most of them are phenols,10 while aliphatic alcohols and silanols have 
been less studied.11 The results, which are among the best that have been reported, 
showed that enantioselectivities are relatively insensitive to the electronic properties of 
the nucleophile. This represents an improvement regarding to the previously reported 
phosphite-based PHOX-ligands L1-L4 in Chapter Section 3.2. 
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Figure 3.3.3. Allylic substitution of S1 with C-, N- and O-nucleophiles using Pd-L6c 
catalytic system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as 
solvent, ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 
2 h. a Reactions carried out using 2 mol % [PdCl(η3-C3H5)]2, 4 mol % ligand, and Cs2CO3 (3 
equiv). Full conversions were achieved after 18 h. 
The scope of Pd-L6c catalytic system was further investigated by using other 
symmetrical linear substrates S3-S8 with steric and electronic requirements different 
from those of S1. The results, which are collected in Figure 3.3.4, indicated that Pd-
L6c can also be used for the alkylation of substrates S3–S6, with different 
substituents in the aryl groups, with various carbon nucleophiles with high yields and 
enantioselectivities, comparable to those of S1 (compounds 23-29, ee’s from 96% to 
99%). Interestingly, Pd-L6c can also successfully be used for the alkylation of S7 
(compound 30, >95% ee). This substrate is more sterically demanding than S1 and it 
usually reacts with inferior catalytic performance.  
We also found that Pd-L6c is able to alkylate S8 with good enantiocontrol (compounds 
31-32, ee’s up to 71%). This substrate is less sterically demanding and therefore 
enantioselectivities tend to be much lower than with model substrate S1. The present 
results are very appealing for this elusive unhindered substrate.  
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Figure 3.3.4. Allylic substitution of S3-S8 with C-nucleophiles using Pd-L6c catalytic 
system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as solvent, 
ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 4 h. 
We then studied the allylic substitution of cyclic substrate S2 with more challenging 
nucleophiles than dimethyl malonate and on the alkylation of other cyclic substrates 
with different ring sizes (S9 and S10) using Pd-L7c catalytic system. The results, 
which are summarized in Figure 3.3.5, indicated that a wide range of C-nucleophiles, 
including the less studied -substituted malonates and acetylacetone, can efficiently 
react with S2 to provide the corresponding compounds (33-38) with high yields and 
enantioselectivities (ee's up to 92%), comparable to those obtained with alkylated 
product 7 with dimethyl malonate.  
 
Figure 3.3.5. Allylic substitution of S2, S9-S10 with C-nucleophiles using Pd-L7c catalytic 
system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as solvent, 
ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 2 h. 
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Pd-L7c also efficiently catalyzed the alkylation of cyclic substrates S9 and S10 
(compounds 39-42). High enantioselectivities (ee's up to 94%) were obtained in both 
cases, even with S9, which usually provides products with much lower 
enantioselectivities than cyclic S2.1 
3.3.2.4. Theoretical studies. Origin of enantioselectivity 
Mechanistic studies have shown that the irreversible nucleophilic attack on the allyl 
group in palladium-catalyzed allylic substitutions controls enantioselectivity. 
Nevertheless, transition state (TS) for this step can be either early or late depending 
on the nature of the nucleophile, ligands, and reaction conditions. In an early transition 
state, the interactions leading to stereochemical differentiation are governed by both 
the population of the Pd-3-allyl intermediates and the relative electrophilicity of the 
allylic carbon atoms, with an allyl terminus trans to a phosphorus atom generally being 
more reactive than one trans to a nitrogen.12 On the other hand, a late transition state 
is more reminiscent of the Pd-alkene product complex, and therefore the formation of 
the most stable Pd-olefin complex controls enantioselectivity.13 
In order to have further insight into the nature of the transition state and therefore 
gain further information into the selectivity-determining step, we performed a DFT 
study of the transition states and key reaction intermediates for the Pd-catalyzed allylic 
substitution of S1 using ligands L6b and L6c. Calculation were carried out using the 
B3LYP-D3 functional, the 6-31G*/LANL2DZ basis set, and the PCM solvent model with 
parameters for CH2Cl2, as implemented in Gaussian 09. The energies were further 
refined by performing single-point calculations at the 6-311+G**/SDD level. Previous 
experience has shown that ammonia can be used as a good model nucleophile, 
avoiding the problems related to charge separation in conjunction with a continuum 
solvent model.14  Note that the use of ammonia as nucleophile instead of dimethyl 
malonate results in the inversion of the CIP descriptor for S1, due to the change in 
priority of the groups, although the sense of stereoselectivity is maintained. 
We initially calculated the relative stabilities of the product olefin complexes, using the 
olefin complexes obtained from nucleophilic addition of ammonia to allyl complexes 
derived from substrate S1 (Figure 3.3.6). The DFT calculations predict the formation of 
the correct enantiomer of the substituted products for both ligands. However, larger 
energy differences were found for the two complexes containing L6b ligand (G= 19.3 
kJ/mol) than for the two olefin complexes containing L6c (G= 3 kJ/mol). These 
results do not agree with the enantioselectivities achieved experimentally (82% for 
L6b and 96% for L6c; Table 3.3.1). Thus, they erroneously indicate that ligand L6b 
must provide higher enantioselectivity than ligand L6c if the reaction proceeds via a 
late transition state. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 






Figure 3.3.6. Calculated relative energies for Pd-olefin complexes using ligands (a) L6b and 
(b) L6c. 
Then, we calculated energy for the transition states using ligands L6b and L6c which 
are shown in Figure 3.3.7. In agreement with the experimental results, larger energy 
differences were found for the two TSs containing L6c ligand (G= 6 kJ/mol) than for 
the two TSs containing L6b (G= 4.2 kJ/mol). These results therefore indicated that 
the Pd-allylic substitution using ligands L5-L7a-c proceeds via an early transition 
state. So further studies of the reactivity of the corresponding Pd-allyl intermediates 




Figure 3.3.7. Calculated relative energies of transition states using ligands (a) L6b and (b) 
L6c. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 






We report a reduced but structurally valuable phosphite-oxazoline ligand library L5-
L7a-c for the Pd-catalyzed allylic substitution of several substrate types. These 
ligands, which are easily accessible in three steps, differ from previous phosphite-
based PHOX ligands L1-L4 in the presence of a methylene spacer between the 
oxazoline group and the phenyl ring. With these ligands we also studied the effect of 
varying the oxazoline substituent and the biaryl phosphite group. By suitable tuning 
the ligand parameters we have been able to achieve high activities (TOF > 4000 mol 
substrate×(mol Pd×h)-1) and excellent enantioselectivities for a range of hindered 
substrates using a wide range of nucleophiles. We have found that he introduction of a 
methylene spacer has been positive in terms of nucleophile scope. Thus, in contrast to 
the phosphite-based PHOX ligands L1-L4, a range of aliphatic alcohols with different 
electronic properties could be successfully used as nucleophiles. Nevertheless, although 
good enantioselectivities were also achieved when using unhindered substrates (such 
as S2 and S8-S10), ee’s were lower than with previous PHOX-based ligands L1-L4. As 
for ligands L1-L4 the DFT calculations agree with an early TS and the 
enantioselectivities can be therefore explained by both the population of the Pd-3-allyl 
intermediates and the relative electrophilicity of the allylic carbon atoms. 
3.3.5. Experimental Part 
3.3.5.1. General Procedures.  
All reactions were carried out using standard Schlenk techniques under an argon 
atmosphere. Commercial chemicals were used as received. Solvents were dried by 
means of standard procedures and stored under argon. 1H, 13C{1H} and 31P{1H} NMR 
spectra were recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts 
are relative to that of SiMe4 (1H and 13C{1H}) or H3PO4 (31P{1H}) as internal standard. 
Racemic substrates S1-S1015 and compound 27 were prepared as previously reported.  
3.3.5.2. Computational details.  
The geometries of all intermediates were optimized using the Gaussian 09 program,16 
employing the B3LYP17 density functional and the LANL2DZ18 basis set for palladium 
and the 6-31G* basis set for all other elements.19 Solvation correction was applied in 
the course of the optimizations using the PCM model with the default parameters for 
dichloromethane.20 The complexes were treated with charge +1 and in the single state. 
No symmetry constraints were applied. The energies were further refined by 
performing single point calculations using the above mentioned parameters, with the 
exception that the 6-311+G**21 basis set was used for all elements except iridium, and 
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by applying dispersion correction using DFT-D3 22  model. All energies reported are 
Gibbs free energies at 298.15 K and calculated as Greported = G6-31G* + (E6-311+G** - E6-
31G*) + EDFT-D3. 
3.3.5.3. Typical procedure for the preparation of hydroxyl-oxazolines 3-5.  
To a solution of ZnCl2 (27.3 mg, 0.2 mmol) in dry chlorobenzene (1 mL), a solution of 
2 (532.6 mg, 4 mmol) in dry chlorobenzene (7 mL) was added. Subsequently, the 
corresponding amino alcohol (4 mmol) was added to the reaction mixture and it was 
left stirring at 90 ºC for 16 h. After that time, the solvent was evaporated and the 
crude was dissolved in the minimum amount of CH2Cl2 (2 mL). Then, Et2O was slowly 
added and a white solid precipitates. The precipitate solution is left at -18 ºC for 5 h 
and the corresponding pure hydroxyl-oxazoline was obtained. 
 
(S)-2-((4-phenyl-4,5-dihydrooxazol-2-yl)methyl)phenol 3. As a white solid (709 
mg, 70% yield). 1H NMR (400 MHz, CDCl3): = 3.69 (d, 1H, CH2, 2JH-H= 16 Hz), 3.81 
(d, 1H, CH2, 2JH-H= 16 Hz), 4.17 (pt, 1H, CH-O, JH-H= 8 Hz), 4.70 (dd, 1H, CH-O, 2JH-H= 
12 Hz, 3JH-H= 8 Hz), 5.24 (t, 1H, CH-N, 3JH-H= 8 Hz), 6.87 (m, 1H, CH=), 6.97 (d, 1H, 
CH=, 3JH-H= 8 Hz), 7.19 (d, 1H, CH=, 3JH-H= 8 Hz), 7.26-7.34 (m, 6H, CH=). 13C NMR 
(100.6 MHz, CDCl3): = 31.7 (CH2), 68.9 (CH-N), 75.7 (CH2-O), 119.1 (C), 120.6 
(CH=), 122.0 (CH=), 126.5 (CH=), 127.9 (CH=), 129.0 (CH=), 129.3 (CH=), 130.8 
(CH=), 141.4 (C), 156.4 (CH=), 170.1 (C=N). 
 
(S)-2-((4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)phenol 4. As a yellowish 
solid (596.4 mg, 68% yield). Spectroscopic data are in agreement with the reported 
values.8 1H NMR (400 MHz, CDCl3): = 0.86 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 0.94 (d, 
3H, CH3, iPr, 3JH-H = 6.8 Hz), 1.70 (m, 1H, CH, iPr), 3.57 (d, 1H, CH2, 3JH-H = 16.0 Hz), 
3.65 (d, 1H, CH2, 2JH-H= 16.0 Hz), 3.91 (m, 1H, CH-N), 4.02 (pt, 1H, CH-O, JH-H = 8.0 
Hz ), 4.32 (dd, 1H, CH-O, 2JH-H = 9.6 Hz, 3JH-H = 8.4 Hz), 6.83 (dt, 1H, CH=, 3JH-H = 7.2 
Hz, 4JH-H = 1.2 Hz), 6.98 (dd, 1H, CH=, 3JH-H = 7.2 Hz, 4JH-H = 1.2 Hz), 7.05 (dd, 1H, 
CH=, 3JH-H = 7.2 Hz, 4JH-H = 1.2 Hz), 7.19 (dt, 1H, CH=, 3JH-H = 7.2 Hz, 4JH-H = 1.2 Hz). 
 
(S)-2-((4-(tert-butyl)-4,5-dihydrooxazol-2-yl)methyl)phenol 5. As a green solid 
(727.9 mg, 78% yield). 1H NMR (400 MHz, CDCl3): = 0.86 (s, 9H, CH3, tBu), 3.59 (d, 
1H, CH2, 2JH-H= 16 Hz), 3.65 (d, 1H, CH2, 2JH-H= 16 Hz), 3.88 (m, 1H, CH-N), 4.17 (m, 
1H, CH-O), 4.70 (m, 1H, CH-O), 6.83 (t, 1H, CH=, 3JH-H= 8 Hz), 6.98 (dd, 1H, CH=, 
3JH-H= 8 Hz, 4JH-H= 4 Hz), 7.05 (dd, 1H, CH=, 3JH-H= 8 Hz, 4JH-H= 4 Hz), 7.19 (t, 1H, 
CH=, 3JH-H= 8 Hz). 13C NMR (100.6 MH, CDCl3): = 25.8 (CH3, tBu), 31.8 (CH2), 33.7 
(C, tBu), 68.9 (CH2-O), 74.9 (CH-N), 119.2 (CH=), 120.3 (CH=), 122.1 (C), 129.2 
(CH=), 130.7 (CH=), 156.6 (C), 169.0 (C=N). 
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3.3.5.4. Typical procedure for the preparation of phosphite-oxazoline ligands 
L5-L7a-c.  
To a solution of in situ generated phosphochloridite (1.1 mmol) in dry toluene (6 mL), 
pyridine (0.16 mL, 2.0 mmol) was added. Then, this solution was placed in a -78 ºC 
bath. After 2 min at that temperature, a solution of the corresponding alcohol-
oxazoline (1.0 mmol) and pyridine (0.16 mL, 2.0 mmol) in toluene (6 mL) was added 
dropwise at -78 °C. The mixture was left to warm to room temperature and stirred 
overnight at this temperature. The precipitate formed was filtered under argon and the 
solvent was evaporated under vacuum. The residue was purified by flash 
chromatography (under argon, using neutral alumina and dry toluene as eluent 
system) to afford the corresponding phosphite-oxazoline L5-L7a-c as white solids. 
 
L5a: Yield: 449.7 mg (65%); 31P NMR (161.9 MHz, C6D6):139.1 ppm (s); 1H NMR 
(400 MHz, C6D6):  = 1.27 (s, 9H, CH3, tBu), 1.28 (s, 9H, CH3, tBu), 1.51 (s, 9H, CH3, 
tBu), 1.52 (s, 9H, CH3, tBu), 3.6 (pt, 1H, CH-O, JH-H= 8.4 Hz), 3.8 (s, 2H, CH2), 4.73 
(dd, 1H, CH-O, 2JH-H= 10.0 Hz, 3JH-H= 8.0 Hz), 4.9 (m, 1H, CH-N), 6.8-7.15 (m, 7H, 
CH=), 7.39 (m, 4H, CH=), 7.59 (m, 2H, CH=). 13C (1006. MHz, C6D6): δ= 28.7 (CH2), 
30.9 (CH3, tBu), 31.2 (CH3, tBu), 34.3 (C, tBu), 35.3 (C, tBu), 69.6 (CH-N), 74.1 (CH2-
O), 120.8-150.2 (aromatic carbons), 166.0 (C=N). MS HR-ESI [found 714.3679, 
C44H54NO4P (M-Na)+ requires 714.3683]. 
 
L5b: Yield: 512.5 mg (72%); 31P NMR (161.9 MHz, C6D6):144.2 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.4 (s, 9H, CH3, SiMe3), 0.6 (s, 9H, CH3, SiMe3), 3.1 (pt, 1H, CH-
O, JH-H= 8.4 Hz), 3.2 (d, 1H, CH2, 2JH-H = 16.0 Hz) 3.36 (d, 1H, CH2, 2JH-H = 16.0 Hz), 
3.5 (dd, 1H, CH-O, 2JH-H= 10.0 Hz, 3JH-H= 8.0 Hz), 4.9 (m, 1H, CH-N), 6.91 (m, 4H, 
CH=), 7.02-7.23 (m, 7H, CH=), 7.43 (m, 4H, CH=), 7.78 (m, 2H, CH=), 8.16 (s, 1H, 
CH=), 8.27 (s, 1H, CH=).  13C (100.6 MHz, C6D6): δ= -0.5 (d, CH3, SiMe3, JC-P= 4.6 
Hz), 0.1 (CH3, SiMe3), 28.3 (CH2), 69.6 (CH-N), 73.9 (CH2-O), 120.3-152.4 (aromatic 
carbons), 165.7 (C=N). MS HR-ESI [found 734.2280, C42H42NO4PSi2 (M-Na)+ requires 
734.2282].  
 
L5c: Yield: 555.3 mg (78%); 31P NMR (161.9 MHz, C6D6):143.5 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.0 (s, 9H, CH3, SiMe3), 0.2 (s, 9H, CH3, SiMe3), 3.1 (pt, 1H, CH-
O, JH-H= 8.4 Hz), 3.2 (d, 1H, CH2, 2JH-H = 16.0 Hz) 3.3 (d, 1H, CH2, 2JH-H = 16.0 Hz), 
3.5 (dd, 1H, CH-O, 2JH-H= 10.0 Hz, 3JH-H= 8.0 Hz), 4.4 (m, 1H, CH-N), 6.54 (m, 4H, 
CH=), 6.69-6.82 (m, 8H, CH=), 7.04 (m, 4H, CH=), 7.38 (m, 5H, CH=), 7.75 (s, 1H, 
CH=), 7.86 (s, 1H, CH=).  13C (100.6 MHz, C6D6): δ= -0.5 (d, CH3, SiMe3, JC-P= 4.6 
Hz), 0.0 (CH3, SiMe3), 28.3 (CH2), 69.5 (CH-N), 73.9 (CH2-O), 120.5-149.5 (aromatic 
carbons), 165.7 (C=N). MS HR-ESI [found 734.2279, C42H42NO4PSi2 (M-Na)+ requires 
734.2282]. 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





L6a: Yield: 394.72 mg (60%); 31P NMR (161.9 MHz, C6D6):139.2 ppm (s); 1H NMR 
(400 MHz, C6D6):  = 0.71 (d, 3H, CH3, iPr, 3JH-H = 6.8 Hz), 0.90 (d, 3H, CH3, iPr, 3JH-H 
= 6.4 Hz), 1.28 (s, 18H, CH3, tBu), 1.5 (s, 18H, CH3, tBu), 1.55 (m, 1H, CH, iPr), 3.55 
(m, 1H, CH-O), 3.64 (m, 1H, CH-O), 3.77 (m, 3H, CH2, CH-N), 6.8-6.9 (m, 2H, CH=), 
7.0-7.15 (m, 2H, CH=), 7.38 (m, 2H, CH=), 7.59 (m, 2H, CH=). 13C (100.6 MHz, 
C6D6): δ= 19.0 (CH3, iPr), 19.4 (CH3, iPr), 28.7 (CH2), 31.6 (CH3, tBu), 31.7 (CH3, tBu), 
31.9 (CH3, tBu), 33.6 (CH, iPr), 35.0 (C, tBu), 36.0 (C, tBu), 70.5 (CH2-O), 73.2 (CH-
N), 121.5-150.8 (aromatic carbons), 165.1 (C=N). MS HR-ESI [found 680.3834, 
C41H56NO4P (M-Na)+ requires 680.3839]. 
 
L6b: Yield: 467.8 mg (69%); 31P NMR (161.9 MHz, C6D6):143.7 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.3 (s, 9H, CH3, SiMe3), 0.5 (s, 9H, CH3, SiMe3), 0.59 (d, 3H, 
CH3, iPr, 3JH-H = 6.4 Hz), 0.78 (d, 3H, CH3, iPr, 3JH-H = 6.8 Hz), 1.33 (m, 1H, CH, iPr), 
3.34 (pt, 1H, CH-O, JH-H= 7.6 Hz), 3.4-3.6 (m, 4H, CH2, CH-O, CH-N), 6.7-6.83 (m, 
3H, CH=), 6.96-7.11 (m, 5H, CH=), 7.29 (m, 2H, CH=), 7.64 (d, 1H, CH=, 3JH-H = 8.4 
Hz), 7.68 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.03 (s, 1H, CH=), 8.15 (s, 1H, CH=).  13C 
(100.6 MHz, C6D6): δ= 0.2 (d, CH3, SiMe3, JC-P= 4.8 Hz), 0.7 (CH3, SiMe3), 18.9 (CH3, 
iPr), 19.3 (CH3, iPr), 29.3 (CH2), 33.4 (CH, iPr), 70.4 (CH2-O), 73.0 (CH-N), 121.3-
154.5 (aromatic carbons), 164.9 (C=N). MS HR-ESI [found 700.2435, C39H44NO4PSi2 
(M-Na)+ requires 700.2439]. 
 
L6c: Yield: 508.4 mg (75%); 31P NMR (161.9 MHz, C6D6):143.3 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.33 (s, 9H, CH3, SiMe3), 0.55 (s, 9H, CH3, SiMe3), 0.66 (d, 3H, 
CH3, iPr, 3JH-H = 6.4 Hz), 0.85 (d, 3H, CH3, iPr, 3JH-H = 6.8 Hz), 1.41 (m, 1H, CH, iPr), 
3.37 (pt, 1H, CH-O, JH-H= 8.4 Hz), 3.5 (m, 2H), 3.6-3.71 (m, 2H), 6.82 (m, 2H, CH=), 
6.90 (m, 2H, CH=), 7.00-7.15 (m, 3H, CH=), 7.34 (m, 3H, CH=), 7.68 (d, 1H, CH=, 
3JH-H = 7.6 Hz), 7.72 (d, 1H, CH=, 3JH-H = 8.0 Hz), 8.07 (s, 1H, CH=), 8.19 (s, 1H, 
CH=).  13C (100.6 MHz, C6D6): δ= 0.21 (d, CH3, SiMe3, JC-P= 3.8 Hz), 0.7 (CH3, SiMe3), 
19.0 (CH3, iPr), 19.4 (CH3, iPr), 29.2 (CH2), 33.5 (CH, iPr), 70.4 (CH2-O), 73.1 (CH-N), 
121.4-153.1 (aromatic carbons), 164.9 (C=N). MS HR-ESI [found 700.2437, 
C39H44NO4PSi2 (M-Na)+ requires 700.2439]. 
 
L7a: Yield: 470.3 mg (70%); 31P NMR (161.9 MHz, C6D6):139.2 ppm (s); 1H NMR 
(400 MHz, C6D6):  = 0.79 (s, 9H, CH3, tBu), 1.28 (s, 18H, CH3, tBu), 1.52 (s, 9H, CH3, 
tBu), 1.53 (s, 9H, CH3, tBu), 3.63-3.75 (m, 5H, CH2, CH2-O, CH-N), 6.82-6.91 (m, 2H, 
CH=), 7.0-7.15 (m, 1H, CH=), 7.36 (m, 2H, CH=), 7.39 (m, 1H, CH=), 7.59 (m, 2H, 
CH=). 13C (100.6 MHz, C6D6): δ= 19.0 (CH3, iPr), 19.4 (CH3, iPr), 28.7 (CH2), 31.6 
(CH3, tBu), 31.7 (CH3, tBu), 31.9 (CH3, tBu), 33.9 (C, tBu), 35.0 (C, tBu), 36.0 (C, tBu), 
68.8 (CH2-O), 76.6 (CH-N), 121.5-150.8 (aromatic carbons), 165.1 (C=N). MS HR-ESI 
[found 694.3992, C42H58NO4P (M-Na)+ requires 694.3996]. 
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L7b: Yield: 498.2 mg (72%); 31P NMR (161.9 MHz, C6D6):144.1 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.33 (s, 9H, CH3, SiMe3), 0.55 (s, 9H, CH3, SiMe3), 0.73 (S, 9H, 
CH3, tBu), 3.45-3.65 (m, 5H, CH2, CH2-O, CH-N), 6.82 (m, 2H, CH=), 6.87 (m, 2H, 
CH=), 7.00-7.15 (m, 4H, CH=), 7.35 (m, 2H, CH=), 7.68 (d, 1H, CH=, 3JH-H= 8.4 Hz), 
7.73 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.07 (s, 1H, CH=), 8.18 (s, 1H, CH=).  13C (100.6 
MHz, C6D6): δ= 0.2 (d, CH3, SiMe3, JC-P= 4.6 Hz), 0.7 (CH3, SiMe3), 26.3 (CH3, tBu), 
29.1 (CH2), 33.4 (C, tBu), 68.6 (CH2-O), 76.5 (CH-N), 121.1-153.1 (aromatic carbons), 
164.9 (C=N). MS HR-ESI [found 714.2591, C40H46NO4PSi2 (M-Na)+ requires 714.2595]. 
 
L7c: Yield: 512.0 mg (74%); 31P NMR (161.9 MHz, C6D6):143.1 ppm (s); 1H NMR 
(400 MHz, C6D6): d = 0.33 (s, 9H, CH3, SiMe3), 0.56 (s, 9H, CH3, SiMe3), 0.74 (CH3, 
tBu), 3.50-3.71 (m, 5H, CH2, CH2-O, CH-N), 6.81 (m, 2H, CH=), 6.89 (m, 2H, CH=), 
7.00-7.16 (m, 3H, CH=), 7.34 (d, 2H, CH=, 4JH-H = 2.2 Hz), 7.39 (m, 1H, CH=), 7.68 
(d, 1H, CH=, 4JH-H = 2.0 Hz), 7.72 (d, 1H, CH=, 4JH-H = 2.1 Hz), 8.07 (s, 1H, CH=), 
8.19 (s, 1H, CH=).  13C (100.6 MHz, C6D6): δ= -0.5 (d, CH3, SiMe3, JC-P= 4.62 Hz), 0.0 
(CH3, SiMe3), 25.6 (CH3, tBu), 28.3 (CH2), 33.1 (C, tBu), 67.9 (CH2-O), 75.7 (CH-N), 
120.4-152.3 (aromatic carbons), 164.1 (C=N). MS HR-ESI [found 714.2592, 
C40H46NO4PSi2 (M-Na)+ requires 714.2595]. 
 
3.3.5.5. Typical procedure for the allylic alkylation of linear (S1, S3–S8) and 
cyclic (S2, S9 and S10) substrates.  
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. After this time, a solution of substrate (1 mmol) in dichloromethane (1.5 mL), 
nucleophile (3 mmol), N,O-bis(trimethylsilyl)-acetamide (3 mmol) and KOAc (3 mg, 
0.03 mmol) were added. The reaction mixture was stirred at room temperature. After 
the desired reaction time the reaction mixture was diluted with Et2O (5 mL) and 
saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 
mL) and the extract dried over MgSO4. For compounds 6, 8-17, 19-29 and 33-36, the 
solvent was removed, conversions were measured by 1H NMR and enantiomeric 
excesses were determined by HPLC5g (See Section 3.2). For compounds 7, 31-32, 37-
38 and 40-42, conversion and enantiomeric excesses were determined by GC5g (See 
Section 3.2). For compounds 30 and 39, conversion was measured by 1H NMR and ees 
were determined by 1H NMR using [Eu(hfc)3].5g  
 
3.3.5.6. Typical procedure for the allylic amination of S1. 
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. After this time, a solution of substrate (1 mmol) in dichloromethane (1.5 mL), 
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benzylamine (262 L, 3 mmol) were added. The reaction mixture was stirred at room 
temperature. After the desired reaction time the reaction mixture was diluted with Et2O 
(5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 
Et2O (3 x 10 mL) and the extract dried over MgSO4. Conversion of 18 was measured 
by 1H NMR and enantiomeric excesses were determined by HPLC.23  
 
3.3.5.7. Typical procedure for the allylic etherification and silylation of S1. 
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. Subsequently, a solution of S1 (31.5 mg, 0.125 mmol) in dichloromethane 
(1.5 mL) was added. After 10 min, Cs2CO3 (122 mg, 0.375 mmol) and the 
corresponding alkyl alcohol or silanol (0.375 mmol) were added. The reaction mixture 
was stirred at room temperature. After the desired reaction time, the reaction mixture 
was diluted with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The 
mixture was extracted with Et2O (3 x 10 mL) and the extract dried over MgSO4. 
Conversions were measured by 1H NMR. HPLC was used to determine enantiomeric 
excesses of substrates 19-225g. 
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3.4. Phosphite-oxazoline PHOX-based ligands containing an alkyl 
backbone chain for asymmetric Pd-catalyzed allylic substitution 
reactions. Study of the key Pd-intermediates 
 
Magre, M.; Biosca, M.; Coll, M.; Pàmies, O.; Diéguez, M. Manuscript to be submitted. 
 
Abstract: A library of phosphite-oxazoline PHOX-based ligands L8-L14a-c containing an 
alkyl backbone chain has been synthesized and successfully applied to the Pd-catalyzed 
allylic substitution reactions. By carefully selecting the ligand components (i.e. substituents 
at both oxazoline and alkyl chain, as well as the biaryl group), high activities (TOF > 8000 
mol substrate x (mol Pd x h)-1) and excellent enantioselectivities have been achieved for 
hindered and unhindered substrates with a wide range of C-, N- and O-nucleophiles (ee’s up 
to 99%). Moreover, DFT calculations and NMR studies of the key Pd-intermediates allowed 
us to better understand the origin of the excellent enantioselectivities observed 
experimentally. 
3.4.1. Introduction 
The discovery of synthetic routes for the preparation of enantiomerically pure 
compounds is one of the most persistently pursued goals in chemistry.1 Asymmetric 
catalysis is one of the most attractive approach because it can provide high reactivity 
and selectivity, and at the same time is environmentally friendly.1 In this respect, the 
asymmetric Pd-catalyzed allylic substitution has become an efficient synthetic tool for 
the formation of carbon-carbon and carbon-heteroatom bonds.2 Many chiral ligands 
(mainly P- and N-containing ligands), possessing either C2 or C1 symmetry, have 
provided high enatiomeric excesses for a wide range of disubstituted substrates. 
However, almost all reported ligands present substrate specificity. For example, ligands 
which provide high enantioselectivities for disubstituted linear hindered substrates, 
provides low enantiomeric excesses for unhindered substrates, and vice versa.2 On the 
other hand, monosubstituted substrates still require much more attention due to the 
difficulty for controlling the regioselectivity of the nucleophilic attack.2 
As mentioned in previous Sections 3.2 and 3.3, our group has demonstrated that the 
introduction of biaryl-phosphite moieties into the ligand backbone is highly 
advantageous.3 The use of biaryl phosphite-containing ligands is beneficial because: a) 
reaction rates are increased due to the larger -acceptor ability of the phosphite 
moiety;5f b) the chiral pocket created by the biaryl unit provides a flexible enough 
chiral pocket where all kind of substrates can be embedded,5, 4  and c) a high 
regioselectivity towards the desired branched isomer for monosubstituted substrates 
increase thanks to the -acceptor ability of the phosphite moiety that enhances the SN1 
character of the nucleophilic attack. 5  Thus, in Sections 3.2 and 3.3 we already 
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demonstrated that the replacement of the phosphine moiety by a biaryl phosphite unit 
could be beneficial in terms of substrate scope. PHOX-based phosphite-oxazoline 
ligands provided excellent enantioselectivities for hindered, unhindered and 
monosubstituted substrates with a wide range of C-, N- and O-nucleophiles.5g 
In the previous Sections 3.2 and 3.3, we have already demonstrated the high potential 
of PHOX-based phosphite-oxazoline ligands (L1 and L5-L7) and by just replacing the 
linker between the phosphite and the oxazoline moiety, complementary results in 
terms of substrate and nucleophile versatility were achieved. 
In this Section we designed a third generation of phosphite-oxazoline PHOX-based 
ligands (L8-L13a-c) by replacing the ortho-phenylene tether by an alkyl backbone 
chain (Figure 3.4.1). In contrast to previous PHOX-phosphite-oxazoline ligands 
presented, with L8-L13a-c we could study the effect on catalytic performance of the 
presence of a secondary stereocentre on the ligand backbone. We also studied the 
effect of the substituent in the alkyl backbone chain as well as the 
substituents/configuration both at the oxazoline group and at the phosphite moiety. 
 
Figure 3.4.1. Phosphite-oxazoline ligands L8-L14a-c. 
3.4.2. Results 
3.4.2.1. Preparation of Ligands 
The synthesis of phosphite-oxazoline ligands is shown in Scheme 3.4.1. They were 
easily accessible by coupling the corresponding hydroxyl-oxazoline intermediates 2 and 
12-17 with the desired phosphorochloridites (ClP(OR)2; (OR)2 = a-c; step vii). 
Hydroxyl-oxazolines are straightforwardly made in multigram scale from cheap -
hydroxy acids 1, 3-5. -Hydroxy acids 1, 3-5 have been chosen because they 
incorporate the desired diversity in the substituents and configuration at the alkyl 
backbone chain. -Hydroxyisobutyric acid 1 was condensed with (S)-phenylglycinol to 
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provide hydroxyl-oxazoline 2. For the synthesis of hydroxyl-oxazoline 12-17, the 
alcohol group in -hydroxy acids 3-5 was first protected using acetylchloride and then 
the acid transformed to the corresponding acid chlorides (steps ii and iii). The latter 
were coupled to the desired chiral amino alcohol to afford the corresponding amides 6-
11 (step iv). At this stage the desired diversity in the substituents and configuration of 
the oxazoline moiety is introduced. Compounds 6-11 were then converted to the 
corresponding oxazoline esters in the presence of diethylaminosulfur trifluoride (DAST; 
step v). Standard deprotection of the oxazoline esters afforded the corresponding 
hydroxyl-oxazolines 12-17 (step vi). All ligands were stable during purification on 
neutral alumina under an atmosphere of argon and they were isolated as white solids. 
They were stable at room temperature and very stable to hydrolysis. HRMS-ESI 
spectra were in agreement with the assigned structures. The 1H and 13C NMR spectra 
were as expected for these C1 ligands. One singlet for each compound was observed in 
the 31P NMR spectrum. Rapid ring inversions (tropoisomerization) in the biphenyl-
phosphorus moiety (a) occurred on the NMR time scale since the expected 
diastereoisomers were not detected by low-temperature phosphorus NMR. 
 
 
Figure 3.4.1. Synthetic route for the synthesis of phosphite-oxazoline ligand library L8-L14 
a-c. (i) (S)-phenylglycinol, xylene, reflux, 16 h;6 (ii) acetyl chloride, rt, 2 h;7 (iii) CO2Cl2, 
DMF cat., CH2Cl2, rt, 2 h;8 (iv) aminoalcohol, NEt3, CH2Cl2, rt, 5 h;8 (v) DAST, K2CO3, CH2Cl2, 
-78 ºC to rt for 3 h;8,8 (vi) NaOH (aq), EtOH, 0 ºC, 2 h;8,9 (vii) ClP(OR)2; (OR)2 = a-c, Py, 
toluene, 16 h. 
3.4.2.2. Allylic substitution of disubstituted substrates S1-S2 using dimethyl 
malonate as nucleophile 
In this section we studied the effectiveness of the new phosphite-oxazoline ligand 
library L8-L14a-c in the Pd-allylic alkylation of substrates rac-(E)-1,3-diphenyl-3-
acetoxyprop-1-ene S1 and rac-3-acetoxycyclohexene S2, with different steric 
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properties, using dimethyl malonate as nucleophile. For comparison purposes, the 
catalysts were generated in situ from -allyl-palladium chloride dimer [PdCl(-C3H5)]2, 
the corresponding ligand and nucleophile using standard conditions. The results, which 
are shown in Table 3.4.1, indicate that enantioselectivities are affected by the 
substituents at both the oxazoline and at the alkyl backbone chain as well as by the 
biaryl phosphite group. However, the effect of these parameters on enantioselectivity 
is different for both substrates. Nevertheless, we have been able to identify two 
particular ligands (L8c and L13c) that performs exceptionally well for both substrate 
types, with enantioselectivities up to 99% ee and TOF’s up to 8640 mol 
substrate×(mol Pd×h)-1. 
The results using ligands L8a-c indicated that the ligand backbone is only able to 
control the tropoisomerization of the biphenyl phosphite moiety (a) for substrate S1. 
This contrast with the perfect tropoisomerization control exerted by the ligand 
backbone in phosphite-based PHOX-ligands L1 for both substrate types presented in 
Section 3.2. 5g Thus, while high enantioselectivities are achieved with ligands L8a and 
L8c for substrate S1 (entries 1 and 3) the use of ligand L8c with an enantiopure (S)-
biaryl phosphite group is necessary to maximize enantioselectivities for substrate S2 
(entry 3 vs 1 and 2). 
The use of ligands L9-L11a indicated that enantioselectivities are highly dependent on 
the oxazoline substituent. In contrast to the phosphine-oxazoline PHOX ligands the 
presence of bulky substituents has a negative effect one enantioselectivity. Thus, the 
highest enantioselectivities for both substrates were achieved using ligand L9a, 
containing a phenyl oxazoline substituent. This represents an important advantage 
over the traditional PHOX ligands because enantiopure phenylglycinol (used for the 
synthesis of L9) is much cheaper than tert-leucinol (used for the synthesis of L11). 
The results using L9b-c and L12b-c indicated that there is a cooperative effect 
between the configuration of biaryl phosphite group and the configuration of the 
oxazoline substituent. This resulted in a matched combination for ligands L9c and 
L12b (entries 6 and 10). In addition, we have found that while for linear substrate S1 
the sense of enantioselectivity is controlled by the configuration of the oxazoline 
substituent (ligands L9 provides the opposite enantiomer than ligands L12; entries 4-6 
vs 9-11), the configuration of the biaryl phosphite group controls the sense of 
enantioselectivity in the alkylation of cyclic substrate S2 (ligands L8b and L12b 
provides the opposite enantiomers than ligands L8c and L12c). 
The effect of the substituent at the alkyl chain was studied using ligands L8, L9, L13 
and L14. The best enantioselectivities were achieved with ligands L8 and L13 
containing two or one methyl group at the alkyl backbone chain, respectively.  
In summary, by carefully selecting the ligand components we have been able to 
achieve excellent activities and enantioselectivities (up to 99% ee) in the Pd-catalyzed 
allylic substitution of both substrates types.  
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Table 3.4.1. Asymmetric Pd-catalyzed allylic alkylation of substrates S1 and S2 using 





Entry Ligand % Convb % eec  % Convd % eee 
1 L8a 100 96 (S)  100 60 (S) 
2 L8b 100 86 (S)  100 78 (R) 
3 L8c 100 96 (S)  100 99 (S) 
4 L9a 100 93 (S)  100 40 (S) 
5 L9b 100 40 (S)  100 74 (R) 
6 L9c 100 90 (S)  100 90 (S) 
7 L10a 100 92 (S)  100 7 (S) 
8 L11a 100 73 (S)  100 4 (S) 
9 L12a 100 90 (R)  100 20 (R) 
10 L12b 100 94 (R)  100 81 (R) 
11 L12c 100 55 (R)  100 77 (S) 
12 L13a 100 92 (S)  100 44 (S) 
13 L13b 100 89 (S)  100 65 (R) 
14 L13c 100 99 (S)  100 96 (S) 
15 L14a 100 84 (S)  100 33 (S) 
16 L14b 100 91 (S)  100 60 (R) 
17 L14c 100 90 (S)  100 97 (S) 
18f L13c 72 99 (S)  41 96 (S) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 mL), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (3 mol%). b Conversion percentage determined by 1H-NMR after 
30 min. c Enantiomeric excesses determined by HPLC. Absolute configuration drawn in parentheses.  
d Conversion percentage determined by GC after 2 h. e Enantiomeric excesses determined by GC. 
Absolute configuration drawn in parentheses. f Reactions carried for 5 min using 0.1 mol% of 
catalyst precursor. 
3.4.2.3. Allylic substitution of disubstituted substrates using several 
nucleophiles. Scope and limitations 
In this section, we report the use of Pd-L8c and Pd-L13c catalytic systems in the 
allylic substitution of several linear and cyclic disubstituted substrates (Figure 3.4.2) 
using a wide range of C-, N- and O-nucleophiles, among which are the challenging 
functionalized malonates, -diketones, 2-cyanoacetates, pyrroles and alkyl alcohols. 
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Figure 3.4.2. Substrates S1-S10 used in this study. 
In a first set of experiments we used the Pd-catalyzed allylic substitution of S1 to 
study the nucleophile scope using L13c ligand. The results, which are summarized in 
Figure 3.4.3, indicated that a wide range C-, N- and O-nucleophiles could be efficiently 
used for this transformation. Several malonates, including those substituted with allyl-, 
butenyl, pentenyl- and propargyl-groups; reacted easily to S1 to provide the alkylated 
products 20-26 in excellent yields and enantioselectivities (ee’s ≥99%).The use of 
malononitrile (compound 27) and acetylacetone (compound 29) also afforded the 
desired alkylated products in excellent enantioselectivities (>99% ee). Similarly to 
previous reports the use of isopropyl cyanoacetate (compound 28) as nucleophile 
resulted in the formation of two diastereoisomers with low diastereoselectivity,9 albeit 
both diastereoisomers were obtained in almost enantiopure form (ee’s up to 99%). 
The reaction also worked well when pyrroles were used as nucleophiles (compounds 30 
and 31). These are important results because N-containing heterocycles are present in 
many relevant compounds. In this respect, an important class of electron-rich N-
containing heterocycles is pyrroles, which are widely present in biologically compounds 
and have versatile synthetic applications.10 Despite this, only one catalytic system has 
previously been successfully applied in the Pd-allylic alkylation of S1 type substrates, 
however it required low temperature (-20 °C) to achieved high ee.11 We were pleased 
to see that we could reach ee's up to 99% and high yield working at room 
temperature.  
The use of benzylamine as model N-nucleophile also provided the substitution product 
32 in excellent enantioselectivity (>99% ee). Interestingly, the excellent 
enantiocontrol also extends to the use of several benzylic and allylic alcohols 
(compounds 33-37, ee's up to 99%). The results show that enantioselectivity is 
affected by electronic properties of the aryl group. In contrast to Pd-(S)-L1a, the use 
of (4-(trifluoromethyl)phenyl)methanol led therefore to lower enantioselectivities than 
when using other more electron-rich benzylic alcohols. Therefore, complementary 
results than Pd-(S)-L1a have been obtained for this type of nucleophiles. The effective 
allylic substitution with this type of O-nucleophiles is of interest for the construction of 
aliphatic chiral ethers which are important for the synthesis of biologically active 
targets.12,13 Even more remarkable are the almost perfect enantioselectivities (ee's up 
to 99%) and high yields achieved in the etherification of S1 with the triphenylsilanol 
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(compound 38). The Pd-catalyzed allylic etherification of allylic substrates with silanols 
is an elegant route for obtaining chiral silyl ethers than can further transformed into 
high-value compounds such as chiral aromatic allylic alcohols.14 Interestingly, all the 




Figure 3.4.3. Allylic substitution of S1 with C-, N- and O-nucleophiles using Pd-L13c 
catalytic system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as 
solvent, ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 
2 h. a Reactions carried out using 2 mol % [PdCl(η3-C3H5)]2, 4 mol % ligand, and Cs2CO3 (3 
equiv). Full conversions were achieved after 18 h. 
We then decided to study other symmetrical disubstituted linear substrates S3-S8 with 
steric and electronic requirements different from those of S1 using Pd-L13c catalytic 
system. The results, which are collected in Figure 3.4.4, indicated that Pd-L13c can 
also be used for the alkylation of substrates S3–S6, with different substituents in the 
aryl groups, with various carbon nucleophiles with high yields and enantioselectivities, 
comparable to those of S1 (compounds 39-45, ee’s ≥99%). Interestingly, Pd-L13c 
can also successfully be used for the alkylation of S7 (compound 46, >95% ee). This 
substrate is more sterically demanding than S1 and it usually reacts with inferior 
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catalytic performance. Enantioselectivities as high as 83% ee were achieved in the 
allylic substitution of less sterically hindered substrate S8 (compounds 47 and 48). 
The enantioselectivities achieved for this latter challenging substrate are similar of 




Figure 3.4.4. Allylic substitution of S3-S8 with C-nucleophiles using Pd-L13c catalytic 
system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as solvent, 
ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 2 h 
(except for reactions using substrates S6 and S7 that were run for 12 h). 
We then focused our attention to the allylic substitution of several cyclic substrates, 
with different ring sizes (S2 S9 and S10) with a range of nucleophiles using Pd-L8c 
catalytic system. The results, which are summarized in Figure 3.4.5, indicated that 
high yields and excellent enantioselectivities (ee’s from 95% to >99%) could be 
achieved in the allylic alkylation of S2 using a wide range of C-nucleophiles, including 
the less studied -functionalized malonates and acetylacetone (compounds 49-54). 
Pd-L8c is also able to efficiently catalyze the alkylation of cyclic substrates S9 and S10 
(compounds 55-58; ee's up to >99%). High enantioselectivities were therefore 
obtained in both cases, even with S9, which usually provides products with much lower 
enantioselectivities than cyclic S2.  
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 






Figure 3.4.5. Allylic substitution of S2, S9-S10 with C-nucleophiles using Pd-L8c catalytic 
system. Reactions were run at 23 °C with [PdCl(η3-C3H5)]2 (0.5 mol %), CH2Cl2 as solvent, 
ligand (1.1 mol %), BSA (3 equiv), and KOAc. Full conversions were achieved after 2 h. 
3.4.2.4. Allylic substitution of monosubstituted substrates S11-S13 
To further study the potential of these readily available ligands, in this section, we 
tested L8-L14a-c in the regio- and stereoselective allylic alkylation of 1-(1-
naphthyl)allyl acetate (S11), 1-(1-naphthyl)-3-acetoxyprop-1-ene (S12) and cinnamyl 
acetate (S13) with dimethyl malonate as nucleophile (Eq. 3.4.1). For these substrates, 
not only does the enantioselectivity of the process need to be controlled but 
regioselectivity is also a problem because a mixture of regioisomers can be obtained. 
Most Pd-catalysts developed to date favor the formation of achiral linear products 60 
and 62 rather than the desired branched isomer 59 and 61.15 The development of 
highly regio- and enantioselective Pd-catalysts is therefore still important.16  
 
 
The results are summarized in Table 3.4.2. The results achieved under standard 
reaction conditions (i.e. using dichloromethane as solvent and at room temperature) 
indicated that regioselectivities are hardly affected by the ligand parameters. Thus 
moderate regioselectivities towards the desired branched products were achieved (up 
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to 65% branched). However, enantioselectivities followed a similar trend that for the 
allylic substitution of substrate S1. Thus, the sense of enantioselectivity is dictated by 
the configuration of the oxazoline substituent (entries 4-6 vs 7-9) and there is 
cooperative effect between the configurations of the biaryl phosphite group and of the 
oxazoline substituent, that results again in a matched combination for ligands 
containing either an (S)-configuration at both the biaryl phosphite group and at the 
oxazoline substituent (i.e ligand L9c; entry 6) or (R)-configuration at both the 
phosphite and at the oxazoline moieties (i.e. ligand L12b; entry 7). However, the 
effect of the substituent of the alkyl backbone on enantioselectivity is different than 
those observed in the alkylation of S1. Thus, enantioselectivities were better when 
using ligand L14c, containing an isopropyl group at the alkyl backbone chain (ee’s up 
to 94%; entry 11).  
Catalytic performance can not only be controlled by the ligand parameters, but also the 
reaction conditions may play a major role in improving the catalytic performance. In 
this context, we have achieved high regio- (up to 80% branched) and 
enantioselectivities (up to 98% ee) in the alkylation of substrates S11-S13 using Pd-
L14c catalytic system by carrying out the reactions at 0 °C and using benzene as 
solvent (entries 12-14).  
Table 3.4.2. Selected results for the Pd-catalyzed allylic substitution of monosubstituted 
substrates S11-S13.a  
Entry Substrate Ligand % Convb (%yield) % branchedc % eed 
1 S11 L8a  100 (88) 55 60 (S) 
2 S11 L8b 100 (89) 55 34 (S) 
3 S11 L8c 100 (88) 60 84 (S) 
4 S11 L9a  100 (91) 50 59 (S) 
5 S11 L9b 100 (89) 65 30 (S) 
6 S11 L9c 100 (90) 50 88 (S) 
7 S11 L12a 100 (89) 55 43 (R) 
8 S11 L12b 100 (88) 65 84 (R) 
9 S11 L12c 100 (91) 40 42 (R) 
10 S11 L13c 100 (90) 40 89 (S) 
11 S11 L14c 100 (88) 65 94 (S) 
12e S11 L14c 100 (91) 80 98 (S) 
13e S12 L14c 100 (92) 80 98 (S) 
14e S13 L14c 100 (93) 70 94 (S) 
a 1 mol % [Pd(3-C3H5)Cl]2, 2.2 mol % ligand, CH2Cl2 as solvent, BSA/KOAc as base, b % 
Conversion measured after 30 min. Isolated yield shown in parenthesis. c Regioselectivity 
measured by 1H NMR. d Enantiomeric excesses determined by chiral HPLC. e Reaction carried out in 
benzene at 0 oC for 2 h. 
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It should be noted that enantioselectivities are higher than those achieved using 
phosphite-oxazoline PHOX ligands L1 (Section 3.2) and therefore compares well with 
the best ones reported so far. 
3.4.2.5. Origin of enantioselectivity 
Initially, we performed a DFT computational study of the key intermediates and 
transition states involved in the enantiocontrol of the Pd-catalyzed allylic substitution of 
substrates S1 and S2, using ligands L8b, L8c and L13c. The latter have been chosen 
because they will allow to study the effect of varying the configuration of the biaryl 
phosphite moiety (ligands L8b and L8c) as well as the effect of having a chiral center 
in the alkyl backbone chain (ligand L13c). As already mentioned, enantioselectivity is 
controlled in the effectively irreversible nucleophilic attack, but transition state (TS) for 
this step can be either early or late depending on the nature of the nucleophile, 
ligands, and reaction conditions. In an early transition state, the interactions leading to 
stereochemical differentiation can be understood from the structure of the Pd-allyl 
intermediate,17 whereas the late transition state is more reminiscent of the Pd-alkene 
product complex.18 For the early TS case, stereochemistry is governed by both the 
population of the Pd-3-allyl intermediates and the relative electrophilicity of the allylic 
carbon atoms, with an allyl terminus trans to a phosphorus atom generally being more 
reactive than one trans to the oxazoline group. When the TS is late, the formation of 
the most stable Pd-olefin complex controls enantioselectivity. Previous experience has 
shown that ammonia can be used as a good model nucleophile, 19  avoiding the 
problems related to charge separation in conjunction with a continuum solvent model. 
Note that the use of ammonia as nucleophile instead of dimethyl malonate results in 
the inversion of the CIP descriptor in the 1,3-diphenylallyl case, due to the change in 
priority of the groups, although the sense of stereoselectivity is maintained. 
We therefore calculated the relative stability of the transition states TSendo and TSexo, 
using NH3 as nucleophile and the Pd-olefin intermediates (Pd-olefinendo and Pd-
olefinexo). The results are summarized in Table 3.4.3. The energy differences of the 
calculated TSs using S1 and S2 agree with the catalytic results. Thus, for instance, the 
energy difference between the TSs using S1 with L8b (G#=11.2 kJmol-1) is lower than 
that of L8c (G#=21 kJmol-1). This is in good agreement with the higher 
enantioselectivities achieved using L8c (Table 3.4.1, 96% (S) ee for L8c vs. 86% (S) 
ee for L8b). In addition, the TS calculations using S2 as substrates agree with the 
formation of the opposite enantiomers of the substituted product 19 when L8b and 
L8c are used, and also with identifying Pd-L8c system as the most enantioselective 
catalyst (G#=15.6 kJmol-1 for Pd-L8c vs G#=13.6 kJmol-1 for Pd-13c). On the other 
hand, the calculated energies of the Pd-olefin intermediates do not correlate well with 
the experimental results. Thus, for instance, the calculated results of the Pd-olefin 
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complexes of S1 (G#≥30 kJmol-1) indicated that all three ligands should provide 
excellent levels of enantioselectivity (eecalc>99.9% (S)). In addition, for S2, although 
the energy difference between the Pd-olefin intermediates correctly predicts the 
formation of opposite enantiomers of the substitution products when using ligands L8b 
and L8c; the calculated energy differences between Pd-olefin complexes containing 
L8b are higher than that of intermediates containing L8c (G#=15.6 kJmol-1 for Pd-
L8c vs G#=13.6 kJmol-1 for Pd-13c), which wrongly predicts much higher 
enantioselectivities when using Pd-L8b.  
Table 3.4.3. Calculated energies for the TSs and Pd--olefin complexes using S1 and S2 
and NH3 as nucleophilea 
Structure  L8b  L8c  L13c Structure  L8b  L8c  L13c 
 
 





5  0  0 
 
 





4  15.6  13.6 
 
 





4.4  6.2  0 
 
 





0  8.2  6.1 
a Relative energies in kJ/mol. 
In summary the DFT calculations indicate that the Pd-allylic substitution reactions 
using ligands L8-L14a-c proceed via an early transition state, in which the structure 
and the reactivity of the corresponding Pd-allyl intermediates play a major role in 
enantioselectivity. 
To provide further insight into how ligand parameters affect catalytic performance, we 
therefore studied the Pd--allyl compounds 63-66 [Pd(3-allyl)(L)]BF4 (L= L9c and 
L13c). Ligands L9c and L13c have been chosen to study the effect of different 
substituents in the alkyl backbone chain. These ionic palladium complexes, which 
contain 1,3-diphenyl or cyclohexenyl allyl groups, were prepared using the previously 
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reported method from the corresponding Pd-allyl dimer and the appropriate ligand in 
the presence of silver tetrafluoroborate (Scheme 3.4.2). 20  The complexes were 
characterized by 1H, 13C and 31P NMR spectroscopy. The spectral assignments were 
based on information from 1H-1H, 31P-1H and 13C-1H correlation measurements in 
combination with 1H-1H NOESY experiments. Unfortunately, we were unable to obtain 
crystal of sufficient quality to perform X-ray diffraction measurements. 
 
 
Scheme 3.4.2. Preparation of [Pd(3-allyl)(L)]BF4 complexes 63-66. 
The VT-NMR study (30 oC to -80 oC) of Pd-1,3-diphenyl allyl intermediates 63 and 64, 
showed a 3:1 and a 10:1 mixture of two isomers in equilibrium (Scheme 3.4.3).  
 
Scheme 3.4.3. Diastereoisomer Pd-allyl intermediates for S1 with ligands L9c (isomers 63) 
and L13c (intermediates 64). The relative amounts of each isomer are shown in 
parentheses. The chemical shifts (in ppm) of the allylic terminal carbons are also shown. 
Both isomers were unambiguously assigned by NMR to the two syn/syn Pd-3-exo and 
endo isomer. In both isomers, the NOE indicated interactions between the two terminal 
protons of the allyl group, which clearly indicates a syn/syn disposition (Figure 3.4.6). 
Moreover, there is a NOE interaction between the terminal allyl proton trans to the 
oxazoline with the TMS group that shows a NOE interaction with the substituent at the 
alkyl backbone chain (Figure 3.4.6). These interactions can be explained by assuming 
a syn/syn exo disposition for the major isomer. The carbon chemical shifts of 
compounds 63 and 64 indicate that the most electrophilic allylic terminal carbon is 
located trans to the phosphite moiety in the major isomer (13C) ≈ 12.4 ppm for 63 
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and 13C) ≈ 8 ppm for 64).  This indicates that not only the major isomers react 
faster than the minor isomers but also that the relative reaction rate is higher for 
intermediate 63 than for 64. The latter has been verified by studying the reactivity of 
the Pd-1,3-diphenyl allyl intermediates 63 and 64 with sodium malonate at low 
temperature by in situ NMR. Our results showed that while the major isomer of 63 
reacts 8 times faster than the minor isomer, the relative reaction rate of 64 is of 6. 
Thus, although the use of Pd-L9c, with a phenyl substituent at the alkyl backbone 
chain, does not effectively control the population of Pd-allyl intermediates, it exerts a 
high electronic differentiation, which is key for achieving enantioselectivities as high as 
90% ee (Table 3.4.1). Gratifyingly, the use of Pd-L13c, with a methyl alkyl 
substituents at the alkyl backbone chain, effectively controls both the population and 
the relative electrophilicity in the Pd-allyl intermediates. 
 
 
Figure 3.4.6. Relevant NOE contacts from the NOESY experiments for the major isomers of 
[Pd(3-1,3-diphenylallyl)(L)]BF4 63 and 64. 
 
The VT-NMR study (30 oC to -80 oC) of Pd-1,3-cyclohexenyl allyl intermediate 65 show 
a 15:1 mixture of two isomers in equilibrium, while for intermediate 66 only one 
isomer has been isomer (Scheme 3.4.4).  
The major isomers of intermediates 65 and 66 shows NOE interactions between the 
central allyl proton with the TMS group that shows a NOE interaction with the 
substituent at the alkyl backbone chain (Figure 3.4.7). These interactions can be 
explained by assuming an endo disposition for the major isomers. The carbon NMR 
chemical shifts indicated again that the most electrophilic allylic terminus carbon is 
trans to the phosphite moiety. For intermediate 65, the fact that the electrophilicity of 
the allylic terminal carbon atom trans to the phosphite is rather similar in both endo 
and exo isomers (13C) ≈ 1.6 ppm) suggests that both isomers reacts at a similar 
rate. So, the enantioselectivity is mainly affected by the population of the endo and 
exo isomers. The much higher enantioselectivity obtained using Pd-L13c can therefore 
be attributed to the fact that only the endo isomer is detected. 
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Scheme 3.4.4. Diastereoisomer Pd-allyl intermediates for S2 with ligands L9c (isomers 65) 
and L13c (intermediates 66). The relative amounts of each isomer are shown in 
parentheses. The chemical shifts (in ppm) of the allylic terminal carbons are also shown. 
 
Figure 3.4.7. Relevant NOE contacts from the NOESY experiments for the major isomers of 
[Pd(3-1,3-cyclohexenylallyl)(L)]BF4 65 and 66. 
3.4.3. Conclusions 
We report a new generation of phosphite-oxazoline PHOX-based ligand library for the 
Pd-catalyzed allylic substitution of several substrate and nucleophile types. These 
ligands allow us to study the influence of a second stereocentre on the ligand 
backbone, the substituents/configurations on the oxazoline group as well as the 
variation of the biaryl phosphite group, which showed to be crucial in terms of 
enantioselectivity. By suitable tuning the ligand parameters we have been able to 
achieve high activities (TOF > 8000 mol substrate×(mol Pd×h)-1) and excellent 
enantioselectivities (ee’s up to 99%) for a range of hindered and unhindered 
substrates using a wide range of C, N- and O-nucleophiles. The effect of the 
substituent at the alkyl chain was studied using ligands L8, L9, L13 and L14, 
achieving the highest enantioselectivities with ligands L8 and L13 (ee’s up to 99%) 
containing two or one methyl group at the alkyl backbone chain, respectively.  
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As for ligands L1 and L5-L7, the DFT calculations agree with an early TS and the 
enantioselectivities can be therefore explained by both the population of the Pd-3-allyl 
intermediates and the relative electrophilicity of the allylic carbon atoms. 
3.4.4. Experimental Part 
3.4.4.1. General Procedures.  
All reactions were carried out using standard Schlenk techniques under an argon 
atmosphere. Commercial chemicals were used as received. Solvents were dried by 
means of standard procedures and stored under argon. 1H, 13C{1H} and 31P{1H} NMR 
spectra were recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts 
are relative to that of SiMe4 (1H and 13C{1H}) or H3PO4 (31P{1H}) as internal standard. 
Racemic substrates S1-S10 21  and hydroxyl-oxazoline 1 has been prepared and 
characterized following a procedure already reported in the literature. Acylchlorides 5-
7 have been synthesized and characterized following a reported procedure.8 Acetyl 
hydroxyl-amides 10-11 and hydroxyl-oxazolines 21-23 have been synthesized and 
characterized following a reported procedure.9-10 
 
3.4.4.2. Computational details.  
The geometries of all intermediates were optimized using the Gaussian 09 program,22 
employing the B3LYP23 density functional and the LANL2DZ24 basis set for palladium 
and the 6-31G* basis set for all other elements.25 Solvation correction was applied in 
the course of the optimizations using the PCM model with the default parameters for 
dichloromethane.26 The complexes were treated with charge +1 and in the single state. 
No symmetry constraints were applied. The energies were further refined by 
performing single point calculations using the above mentioned parameters, with the 
exception that the 6-311+G**27 basis set was used for all elements except palladium, 
and by applying dispersion correction using DFT-D328 model. All energies reported are 
Gibbs free energies at 298.15 K and calculated as Greported = G6-31G* + (E6-311+G** - E6-
31G*) + EDFT-D3. 
 
3.4.4.3. Characterization details for intermediates 6-17.  
 
(S)-2-(((S)-2-hydroxy-1-phenylethyl)amino)-2-oxo-1-phenylethyl acetate 6. 
2.66 g (85% yield). 1H NMR (400 MHz, CDCl3): = 2.11 (s, 3H, CH3, OAc), 3.98 (m, 
2H, CH2-O), 5.17 (m, 1H, CH-N), 6.20 (s, 1H, CH), 6.90 (bs, 1H, NH), 7.30-7.51 (m, 
10H, CH=). 13C NMR (100.6 MHz, CDCl3): = 21.2 (CH3, OAc), 55.6 (CH-N), 66.2 (CH2-
O), 75.8 (CH), 126.7 (CH=), 127.5 (CH=), 127.7 (CH=), 127.8 (CH=), 128.1 (CH=), 
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128.9 (C=), 129.0 (CH=), 129.1 (C), 129.2 (CH=), 129.3 (CH=), 129.4 (CH=), 138.6 
(C), 168.8 (C=O), 169.7 (C=O).  
 
(S)-2-(((S)-1-hydroxy-3-methylbutan-2-yl)amino)-2-oxo-1-phenylethyl 
acetate 7. 2.48 g (89% yield). 1H NMR (400 MHz, CDCl3): = 0.90 (d, 3H, CH3, iPr, 
3JH-H= 8.0 Hz), 0.96 (d, 3H, CH3, iPr, 3JH-H= 8.0 Hz), 1.95 (m, 1H, CH, iPr), 2.19 (s, 3H, 
CH3, OAc), 3.72 (m, 3H, CH2-O, CH-N), 6.08 (s, 1H, CH), 6.35 (bs, 1H, NH), 7.29-7.56 
(m, 5H, CH=). 13C NMR (100.6 MHz, CDCl3): = 19.0 (CH3, iPr), 19.7 (CH3, iPr), 21.2 
(CH3, OAc), 29.2 (CH, iPr), 57.1 (CH-N), 63.6 (CH2-O), 75.9 (CH), 127.5 (CH=), 129.0 
(CH=), 129.2 (CH=), 135.0 (C), 168.7 (C=O), 169.8 (C=O).  
 
(S)-2-(((S)-1-hydroxy-3,3-dimethylbutan-2-yl)amino)-2-oxo-1-phenylethyl 
acetate 8. 1H NMR (400 MHz, CDCl3): = 0.94 (s, 9H, CH3, tBu), 2.20 (s, 3H, CH3, 
OAc), 3.60 (m, 1H, CH-Oox), 3.80 (m, 2H, CH-Oox, CH-N), 6.10 (s, 1H, CH-O), 6.34 
(bs, 1H, NH), 7.34-7.47 (m, 5H, CH=).  
 
(S)-2-(((R)-2-hydroxy-1-phenylethyl)amino)-2-oxo-1-phenylethyl acetate 9. 
1H NMR (400 MHz, CDCl3): = 2.19 (s, 3H, CH3, OAc), 3.92 (m, 2H, CH2-O), 5.08 (m, 
1H, CH-N), 6.09 (s, 1H, CH), 6.76 (bs, 1H, NH), 7.18-7.48 (m, 10H, CH=).  
 
(S)-1-(((S)-2-hydroxy-1-phenylethyl)amino)-1-oxopropan-2-yl acetate 10. 
2.0 g (90% yield). 1H NMR (400 MHz, CDCl3): = 1.38 (d, 3H, CH3, 3JH-H= 6.8 Hz), 2.03 
(s, 3H, CH3, OAc), 2.64 (bs, 1H, OH), 3.69 (m, 2H, CH2-O), 4.94 (m, 1H, CH-N), 5.10 
(q, 1H, CH, 3JH-H= 6.8 Hz), 6.87 (bs, 1H, NH), 7.16-7.30 (m, 5H, CH=). 13C NMR 
(100.6 MHz, CDCl3): = 17.7 (CH3), 20.9 (CH3, OAc), 55.0 (CH-N), 65.3 (CH2-O), 70.5 




acetate 11. 2.51 g (90% yield). 1H NMR (400 MHz, CDCl3): = 0.88 (m, 6H, CH3, iPr), 
2.07 (s, 3H, CH3, OAc), 2.19 (m, 1H, CH, iPr), 3.23 (bs, 1H, OH), 3.66 (m, 2H, CH2-O), 
4.95 (m, 2H, CH-O, CH-N), 6.93 (bs, 1H, NH), 7.07 (d, 1H, CH=, 3JH-H= 7.2 Hz), 7.21-
7.29 (m, 4H, CH=). 13C NMR (100.6 MHz, CDCl3): = 17.1 (CH3, iPr), 18.6 (CH3, iPr), 
20.7 (CH3, OAc), 30.6 (CH, iPr), 55.0 (CH-N), 65.3 (CH2-O), 78.2 (CH-O), 126.6 
(CH=), 127.5 (CH=), 128.6 (CH=), 139.1 (C), 169.8 (C=O), 170.4 (C=O). 
 
(S)-phenyl((S)-4-phenyl-4,5-dihydrooxazol-2-yl)methanol 12. 1.87 g (97% 
yield). 1H NMR (400 MHz, CDCl3): = 4.18 (pt, 1H, CH-Ox, JH-H= 8.4 Hz), 4.62 (dd, 
1H, CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 8.4 Hz), 5.14 (t, 1H, CH-N, 3JH-H= 9.2 Hz), 5.33 (s, 
1H, CH-O), 7.18-7.45 (m, 10H, CH=). 13C NMR (100.6 MHz, CDCl3): = 68.8 (CH-N), 
69.7 (CH-O), 76.3 (CH-Oox), 126.7 (CH=), 126.8 (CH=), 126.9 (CH=), 127.9 (CH=), 
128.0 (CH=), 128.6 (CH=), 128.8 (CH=), 129.0 (CH=), 139.3 (C), 141.7 (C), 170.0 
(C=N). 
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(S)-((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)(phenyl)methanol 13. 1H NMR 
(400 MHz, CDCl3): = 0.89 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 0.98 (d, 3H, CH3, iPr, 3JH-H= 
6.8 Hz), 1.76 (m, 1H, CH, iPr), 3.75 (bs, 1H, OH), 3.90 (m, 1H, CH-Oox), 4.08 (pt, 1H, 
CH-Oox, JH-H= 8.4 Hz), 4.29 (t, 1H, CH-N, 3JH-H= 8.4Hz), 5.28 (s, 1H, CH-O), 7.25-7.38 
(m, 3H, CH=), 7.44-7.46 (m, 2H, CH=).  
 
(S)-((S)-4-(tert-butyl)-4,5-dihydrooxazol-2-yl)(phenyl)methanol 14. 1H NMR 
(400 MHz, CDCl3): = 0.90 (s, 9H, CH3, tBu), 3.88 (m, 2H, CH-N, OH), 4.15 (m, 2H, 
CH2-O), 5.30 (s, 1H, CH-O), 7.35 (m, 3H, CH=), 7.46 (m, 2H, CH=). 
 
(S)-phenyl((R)-4-phenyl-4,5-dihydrooxazol-2-yl)methanol 15. 1H NMR (400 
MHz, CDCl3): = 3.76 (bs, 1H, OH), 4.14 (pt, 1H, CH-Oox, JH-H= 8.8 Hz), 4.75 (dd, 1H, 
CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 8.4 Hz), 5.26 (t, 1H, CH-N, 3JH-H= 8.4 Hz), 5.38 (s, 1H, 
CH-O), 7.18 (m, 2H, CH=), -7.29-7.42 (m, 6H, CH=), 7.50 (m, 2H, CH=).  
 
(S)-1-((S)-4-phenyl-4,5-dihydrooxazol-2-yl)ethan-1-ol 16. 1.16 g (95% yield). 
1H NMR (400 MHz, CDCl3): = 1.47 (d, 3H, CH3, 3JH-H= 6.8 Hz), 3.45 (bs, 1H, OH), 4.21 
(pt, 1H, CH-OOx, JH-H= 8.4 Hz), 4.45 (m, 1H, CH-O), 4.72 (dd, 1H, CH-Oox, 2JH-H= 10.0 
Hz, 3JH-H= 8.4 Hz), 5.21 (t, 1H, CH-N, 3JH-H= 9.2 Hz), 7.23-7.38 (m, 5H, CH=). 13C NMR 
(100.6 MHz, CDCl3): = 21.0 (CH3), 63.7 (CH-O), 69.1 (CH-N), 76.1 (CH-Oox), 126.7 
(CH=), 128.0 (CH=), 129.0 (CH=), 141.8 (C), 171.5 (C=N). 
 
(S)-2-methyl-1-((S)-4-phenyl-4,5-dihydrooxazol-2-yl)propan-1-ol 17. 1.64 g 
(98% yield). 1H NMR (400 MHz, CDCl3): = 0.96 (d, 3H, CH3, iPr, 3JH-H= 6.4 Hz), 1.06 
(d, 3H, CH3, iPr, 3JH-H= 6.4 Hz), 2.08 (m, 1H, CH, iPr), 2.94 (bs, 1H, OH), 4.22 (m, 2H, 
CH-Oox, CH-O), 4.73 (t, 1H, CH-N, 3JH-H= 8.4 Hz), 5.21 (pt, 1H, CH-Oox, JH-H= 8.4 Hz), 
7.24-7.38 (m, 5H, CH=). 13C NMR (100.6 MHz, CDCl3): = 16.5 (CH3, iPr), 18.8 (CH3, 
iPr), 32.5 (CH, iPr), 68.9 (CH2-Oox), 72.2 (CH-N), 76.1 (CH-O), 126.7 (CH=), 127.9 
(CH=), 129.0 (CH=), 141.7 (C), 171.0 (C=N). 
3.4.4.4. Typical procedure for the preparation of phosphite-oxazoline ligands 
L8-L14a-c.  
To a solution of in situ generated phosphochloridite (1.1 mmol) in dry toluene (6 mL), 
pyridine (0.16 mL, 2.0 mmol) was added. Then, this solution was placed in a -78 ºC 
bath. After 2 min at that temperature, a solution of the alcohol-oxazoline (1.0 mmol) 
and pyridine (0.16 mL, 2.0 mmol) in toluene (6 mL) was added dropwise at -78 °C. 
The mixture was left to warm to room temperature and stirred overnight at this 
temperature. The precipitate formed was filtered under argon and the solvent was 
evaporated under vacuum. The residue was purified by flash chromatography (under 
argon, using neutral alumina and dry toluene as eluent system) to afford the 
corresponding phosphite-oxazoline L8-L14a-c as white solids. 
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L8b: Yield: 398.3 mg (60%); 31P NMR (161.9 MHz, C6D6):153.9 (s); 1H NMR (400 
MHz, C6D6):  = 0.52 (s, 9H, CH3, SiMe3), 0.57 (s, 9H, CH3, SiMe3), 1.57 (s, 3H, CH3), 
1.74 (s, 3H, CH3), 3.76 (pt, 1H, CH-O, JH-H= 8.4 Hz), 4.07 (dd, 1H, CH-O, 2JH-H= 10.0 
Hz; 3JH-H= 8.4 Hz), 4.92 (dd, 1H, CH-N, 2JH-H= 10.0 Hz, 3JH-H= 8.4 Hz), 6.82 (m, 2H, 
CH=), 6.96-7.13 (m, 7H, CH=), 7.26 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.27 (d, 1H, CH=, 
3JH-H= 8.4 Hz), 7.66 (m, 2H, CH=), 8.09 (s, 1H, CH=), 8.15 (s, 1H, CH=). 13C (100.6 
MHz, C6D6): δ= -0.3 (d, CH3, SiMe3, JC-P= 4.52 Hz), 0.4 (CH3, SiMe3), 28.2 (d, CH3, 3JC-
P= 3.82 Hz), 28.7 (d, CH3, 3JC-P= 7.74 Hz), 69.8 (CH-N), 74.9 (CH2-O), 76.2 (d, C, 
CMe2, 3JC-P= 5.33 Hz), 122.6-152.4 (aromatic carbons), 169.1 (C=N). TOF-MS (ESI+): 
m/z = 686,2285, calcd. for C38H42NNaO4PSi2 [M+Na]+: 686,2282. 
 
L8c: Yield: 331.9 mg (50%); 31P NMR (161.9 MHz, C6D6):153.6 (s); 1H NMR (400 
MHz, C6D6):  = 0.53 (s, 9H, CH3, SiMe3), 0.589 (s, 9H, CH3, SiMe3), 1.62 (s, 3H, CH3), 
1.77 (s, 3H, CH3), 3.65 (pt, 1H, CH-O, JH-H= 8.0 Hz), 4.06 (dd, 1H, CH-O, 2JH-H= 10.8 
Hz; 3JH-H= 8.8 Hz), 4.92 (dd, 1H, CH-N, 2JH-H= 10.0 Hz, 3JH-H= 8.0 Hz), 6.81 (m, 2H, 
CH=), 6.95-7.11 (m, 7H, CH=), 7.26 (m, 2H, CH=), 7.67 (m, 2H, CH=), 8.11 (s, 1H, 
CH=), 8.15 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= -0.3 (d, CH3, SiMe3, JC-P= 4.62 
Hz), 0.4 (CH3, SiMe3), 28.0 (d, CH3, 3JC-P= 3.92 Hz), 28.7 (d, CH3, 3JC-P= 6.94 Hz), 69.5 
(CH-N), 74.8 (CH2-O), 75,9 (d, C, CMe2, 3JC-P= 5.33 Hz), 122.5-152.4 (aromatic 
carbons), 169.0 (C=N). TOF-MS (ESI+): m/z = 686,2280, calcd. for C38H42NNaO4PSi2 
[M+Na]+: 686,2282. 
 
L9a: Yield: 339.0 mg (49%); 31P NMR (161.9 MHz, C6D6):139.2 (s); 1H NMR (400 
MHz, C6D6):  = 1.20 (s, 18H, CH3, tBu), 1.27 (s, 9H, CH3, tBu), 1.49 (s, 9H, CH3, tBu), 
3.64 (pt, 1H, CH-Oox, JH-H= 8.8  Hz), 4.07 (pt, 1H, CH-Oox, JH-H= 8.4 Hz), 4.90 (pt, 1H, 
CH-N, JH-H= 8.8 Hz), 6.08 (d, 1H, CH-OP, 3JH-P= 10.0 Hz), 6.89-7.11 (m, 8H, CH=), 
7.27 (d, 1H, CH=, 4JH-H= 2.0 Hz), 7.29 (d, 1H, CH=, 4JH-H= 2.8 Hz), 7.39 (d, 2H, CH=, 
3JH-H= 7.2 Hz), 7.49 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.57 (d, 1H, CH=, 4JH-H= 2.8 Hz). 13C 
(100.6 MHz, C6D6): δ= 30.7 (CH3, tBu), 30.9 (CH3, tBu), 31.0 (CH3, tBu), 31.2 (CH3, 
tBu), 34.3 (C, tBu), 35.1 (C, tBu), 35.3 (C, tBu), 69.3 (CH-N), 73.1 (CH-OP), 74.6 (CH2-
Oox), 124.0-146.6 (aromatic carbons), 166.1 (C=N). TOF-MS (ESI+): m/z = 714,3682 
calcd. for C44H54NNaO4P [M+Na]+: 714,3683. 
 
L9b: Yield: 398.7 mg (56%); 31P NMR (161.9 MHz, C6D6):139.8 (s); 1H NMR (400 
MHz, C6D6):  = 0.33 (s, 9H, CH3, SiMe3), 0.48 (s, 9H, CH3, SiMe3), 3.68 (pt, 1H, CH-
Oox, JH-H= 8.0  Hz), 4.07 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz; 3JH-H= 8.0 Hz), 4.92 (dd, 1H, 
CH-N, 2JH-H= 10.0 Hz, 3JH-H= 8.8 Hz ), 5.95 (d, 1H, CH-OP, 3JH-P= 9.6 Hz), 6.83 (m, 3H, 
CH=), 6.92-7.06 (m, 6H, CH=), 7.09-7.18 (m, 3H, CH=), 7.24 (m, 2H, CH=), 7.33 (d, 
1H, CH=, 3JH-H= 8.4 Hz), 7.69 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.73 (d, 1H, CH=, 3JH-H= 
8.0 Hz), 8.04 (s, 1H, CH=), 8.13 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= -0.3 (CH3, 
SiMe3), -0.2 (CH3, SiMe3), 69.3 (CH-N), 72.9 (CH-OP), 74.6 (CH2-Oox), 122.1-152.2 
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(aromatic carbons), 165.8 (C=N). TOF-MS (ESI+): m/z = 734,2278 calcd. for 
C42H42NNaO4PSi2 [M+Na]+: 734,2282. 
 
L9c: Yield: 484.1 mg (68%); 31P NMR (161.9 MHz, C6D6):140.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.32 (s, 9H, CH3, SiMe3), 0.56 (s, 9H, CH3, SiMe3), 3.59 (pt, 1H, CH-
Oox, JH-H= 8.4  Hz), 4.05 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz; 3JH-H= 8.8 Hz), 4.83 (dd, 1H, 
CH-N, 2JH-H= 9.6 Hz, 3JH-H= 7.6 Hz ), 5.93 (d, 1H, CH-OP, 3JH-P= 9.6 Hz), 6.80-7.05 (m, 
7H, CH=), 7.09 (m, 4H, CH=), 7.26 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.35 (m, 3H, CH=), 
7.66 (d, 1H, CH=, 3JH-H= 7.6 Hz), 7.71 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.06 (s, 1H, CH=), 
8.22 (s, 1H, CH=). 13C (C6D6): δ= -0.4 (CH3, SiMe3), 0.0 (CH3, SiMe3), 69.2 (CH-N), 
73.6 (CH-OP), 74.5 (CH2-Oox), 122.6-152.3 (aromatic carbons), 165.3 (C=N). TOF-MS 
(ESI+): m/z = 734,2281, calcd. for C42H42NNaO4PSi2 [M+Na]+: 734,2282. 
 
L10a: Yield: 395.5 mg (52%); 31P NMR (161.9 MHz, C6D6):139.2 (s); 1H NMR (400 
MHz, C6D6):  = 0.55 (d, 3H, CH3, iPr, 3JH-H= 6.4 Hz), 0.76 (d, 3H, CH3, iPr, 3JH-H= 6.4 
Hz), 1.28 (s, 9H, CH3, tBu), 1.29 (s, 9H, CH3, tBu), 1.34 (s, 9H, CH3, tBu), 1.35 (m, 1H, 
CH, iPr), 1.54 (s, 9H, CH3, tBu), 3.64 (pt, 1H, CH-Oox, JH-H= 8.4  Hz), 3.62 (m, 1H, CH-
N), 3.85 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz, 3JH-H= 8.0 Hz), 6.04 (d, 1H, CH-OP, 3JH-P= 10.0 
Hz), 6.99-7.15 (m, 3H, CH=), 7.27 (d, 1H, CH=, 4JH-H= 2.8 Hz), 7.29 (d, 1H, CH=, 4JH-
H= 2.4 Hz), 7.38 (m, 2H, CH=), 7.51 (d, 1H, CH=, 4JH-H= 2.8 Hz), 7.59 (d, 1H, CH=, 
4JH-H= 2.4 Hz). 13C (100.6 MHz, C6D6): δ= 18.8 (CH3, iPr), 19.2 (CH3, iPr), 31.4 (CH3, 
tBu), 31.7 (CH3, tBu), 31.8 (CH3, tBu), 31.9 (CH3, tBu), 33.4 (CH, iPr), 35.0 (C, tBu), 
35.8 (C, tBu), 35.9 (C, tBu), 71.1 (CH2-Oox), 72.9 (CH-N), 73.9 (CH-OP), 124.7-147.2 
(aromatic carbons), 165.2 (C=N). TOF-MS (ESI+): m/z = 680,3839 calcd. for 
C41H56NNaO4P [M+Na]+: 680,3839. 
 
L11a: Yield: 436.0 mg (67%); 31P NMR (161.9 MHz, C6D6):139.4 (s); 1H NMR (400 
MHz, C6D6):  = 0.61 (s, 9H, CH3, tBu), 1.28 (s, 9H, CH3, tBu), 1.29 (s, 9H, CH3, tBu), 
1.37 (s, 9H, CH3, tBu), 1.55 (s, 9H, CH3, tBu), 3.69 (m, 2H, CH-Oox, CH-N), 3.88 (dd, 
1H, CH-Oox, 2JH-H= 9.2 Hz, 3JH-H= 7.6 Hz), 6.07 (d, 1H, CH-OP, 3JH-P= 9.6 Hz), 6.99-
7.15 (m, 3H, CH=), 7.27 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.31 (d, 1H, CH=, 4JH-H= 2.4 
Hz), 7.41 (m, 2H, CH=), 7.52 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.60 (d, 1H, CH=, 4JH-H= 
2.4 Hz). 13C (100.6 MHz, C6D6): δ= 26.0 (CH3, tBu), 31.4 (CH3, tBu), 31.6 (CH3, tBu), 
31.7 (CH3, tBu), 31.9 (CH3, tBu), 34.2 (C, tBu), 35.0 (C, tBu), 35.1 (C, tBu), 35.8 (C, 
tBu), 35.9 (C, tBu), 69.2 (CH2-Oox), 74.0 (CH-OP), 76.1 (CH-N), 124.7-147.3 (aromatic 
carbons), 165.2 (C=N). TOF-MS (ESI+): m/z = 694,3995 calcd. for C42H58NNaO4P 
[M+Na]+: 694,3996. 
 
L12a: Yield: 420.3 mg (60%); 31P NMR (161.9 MHz, C6D6):139.2 (s); 1H NMR (400 
MHz, C6D6):  = 1.29 (s, 9H, CH3, tBu), 1.30 (s, 9H, CH3, tBu), 1.33 (s, 9H, CH3, tBu), 
1.52 (s, 9H, CH3, tBu), 3.62 (pt, 1H, CH-Oox, JH-H= 8.4 Hz), 3.99 (dd, 1H, CH-Oox, 2JH-
H= 10.4 Hz, 3JH-H= 8.4 Hz), 4.92 (pt, 1H, CH-N, JH-H= 10.0 Hz), 6.01 (d, 1H, CH-OP, 
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3JH-P= 9.6 Hz), 6.99-7.14 (m, 8H, CH=), 7.32 (m, 2H, CH=), 7.39 (m, 2H, CH=),  7.53 
(d, 1H, CH=, 4JH-H= 2.4 Hz), 7.60 (d, 1H, CH=, 4JH-H= 2.0 Hz). 13C (100.6 MHz, C6D6): 
δ= 31.4 (CH3, tBu), 31.5 (CH3, tBu), 31.6 (CH3, tBu), 31.9 (CH3, tBu), 35.0 (C, tBu), 
35.9 (C, tBu), 36.0 (C, tBu), 70.0 (CH-N), 73.8 (CH-OP), 75.3 (CH2-Oox), 124.7-147.3 
(aromatic carbons), 167.0 (C=N). TOF-MS (ESI+): m/z = 714,3681 calcd. for 
C44H54NNaO4P [M+Na]+: 714,3683. 
 
L12b: Yield: 440.1 mg (65%); 31P NMR (161.9 MHz, C6D6):137.9 (s); 1H NMR (400 
MHz, C6D6):  = 0.30 (s, 9H, CH3, SiMe3), 0.50 (s, 9H, CH3, SiMe3), 3.61 (pt, 1H, CH-
Oox, JH-H= 8.4  Hz), 3.92 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz; 3JH-H= 8.0 Hz), 4.92 (m, 1H, 
CH-N), 5.70 (d, 1H, CH-OP, 3JH-P= 9.2 Hz), 6.86 (m, 2H, CH=), 6.98-7.06 (m, 6H, 
CH=), 7.10-7.24 (m, 6H, CH=), 7.26 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.42 (d, 1H, CH=, 
3JH-H= 8.8 Hz), 7.70 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.77 (d, 1H, CH=, 3JH-H= 8.0 Hz), 
8.04 (s, 1H, CH=), 8.13 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 0.3 (d, CH3, SiMe3, 
JC-P= 3.1 Hz), 0.4 (CH3, SiMe3), 69.7 (CH-N), 73.5 (d, CH-OP, JC-P= 5.33 Hz), 75.4 
(CH2-Oox), 123.3-153.0 (aromatic carbons), 166.8 (C=N). TOF-MS (ESI+): m/z = 
734,2280 calcd. for C42H42NNaO4PSi2 [M+Na]+: 734,2282. 
 
L12c: Yield: 498.6 mg (71%); 31P NMR (161.9 MHz, C6D6):143.1 (s); 1H NMR (400 
MHz, C6D6):  = 0.33 (s, 9H, CH3, SiMe3), 0.50 (s, 9H, CH3, SiMe3), 3.52 (dd, 1H, CH-
Oox, 2JH-H= 9.2 Hz; 3JH-H= 8.4 Hz), 3.91 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz; 3JH-H= 8.4 Hz), 
4.74 (pt, 1H, CH-N, JH-H= 10.0 Hz), 5.87 (d, 1H, CH-OP, 3JH-P= 8.8 Hz), 6.83-7.17 (m, 
12H, CH=), 7.27 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.36 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.41 
(m, 2H, CH=), 7.67 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.77 (d, 1H, CH=, 3JH-H= 8.0 Hz), 
8.06 (s, 1H, CH=), 8.19 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 0.7 (d, CH3, SiMe3, 
JC-P= 4.52 Hz), 1.0 (CH3, SiMe3), 70.4 (CH-N), 74.5 (CH-OP), 75.3 (CH2-Oox), 125.9-
153.4 (aromatic carbons), 166.6 (C=N). TOF-MS (ESI+): m/z = 734,2281 calcd. for 
C42H42NNaO4PSi2 [M+Na]+: 734,2282. 
 
L13a: Yield: 445.3 mg (65%); 31P NMR (161.9 MHz, C6D6):144.6 (s); 1H NMR (400 
MHz, C6D6):  = 1.25 (s, 9H, CH3, tBu), 1.27 (s, 9H, CH3, tBu), 1.45 (d, 3H, CH3, 3JH-H= 
6.4 Hz), 1.59 (s, 9H, CH3, tBu), 1.60 (s, 9H, CH3, tBu), 3.77 (pt, 1H, CH-Oox, JH-H= 8.8 
Hz), 4.14 (dd, 1H, CH-Oox, 2JH-H= 10.4 Hz, 3JH-H= 8.4 Hz), 4.92 (pt, 1H, CH-N, JH-H= 
10.0 Hz), 5.18 (m, 1H, CH-OP), 6.99-7.14 (m, 5H, CH=), 7.33 (m, 2H, CH=), 7.60 (m, 
2H, CH=). 13C (100.6 MHz, C6D6): δ= 20.7 (d, CH3, 3JC-P= 3.01 Hz), 31.8 (CH3, tBu), 
31.9 (CH3, tBu), 32.0 (CH3, tBu), 32.1 (CH3, tBu), 35.0 (C, tBu), 36.0 (C, tBu), 36.1 (C, 
tBu), 67.9 (d, CH-OP, 2JC-P= 9.95 Hz), 70.2 (CH-N), 75.3 (CH2-Oox), 124.7-147.2 
(aromatic carbons), 167.6 (C=N). TOF-MS (ESI+): m/z = 652,3525 calcd. for 
C39H52NNaO4P [M+Na]+: 652,3526. 
 
L13b: Yield: 398.0 mg (58%); 31P NMR (161.9 MHz, C6D6):142.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.54 (s, 9H, CH3, SiMe3), 0.55 (s, 9H, CH3, SiMe3), 1.27 (d, 3H, CH3, 
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3JH-H= 6.8 Hz), 3.76 (pt, 1H, CH-Oox, JH-H= 8.8  Hz), 4.15 (dd, 1H, CH-Oox, 2JH-H= 10.0 
Hz; 3JH-H= 8.8 Hz), 4.91 (pt, 1H, CH-N, JH-H= 9.2 Hz), 5.13 (m, 1H, CH-OP), 6.86 (m, 
2H, CH=), 6.99-7.15 (m, 7H, CH=), 7.27 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.36 (d, 1H, 
CH=, 3JH-H= 8.0 Hz), 7.70 (d, 2H, CH=, 3JH-H= 8.4 Hz), 8.13 (s, 1H, CH=), 8.15 (s, 1H, 
CH=). 13C (100.6 MHz, C6D6): δ= 0.4 (d, CH3, SiMe3, JC-P= 5.33 Hz), 0.8 (CH3, SiMe3), 
20.4 (d, CH3, 3JC-P= 1.06 Hz), 67.3 (CH-OP), 70.2 (CH-N), 75.2 (CH2-Oox), 123.3-152.9 
(aromatic carbons), 167.3 (C=N). TOF-MS (ESI+): m/z = 672,2124 calcd. for 
C37H40NNaO4PSi2 [M+Na]+: 672,2126. 
 
L13c: Yield: 405.0 mg (59%); 31P NMR (161.9 MHz, C6D6):144.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.55 (s, 9H, CH3, SiMe3), 0.56 (s, 9H, CH3, SiMe3), 1.51 (d, 3H, CH3, 
3JH-H= 6.8 Hz), 3.67 (pt, 1H, CH-Oox, JH-H= 8.4  Hz), 4.01 (dd, 1H, CH-Oox, 2JH-H= 10.0 
Hz; 3JH-H= 8.4 Hz), 4.85 (dd, 1H, CH-N, 2JH-H= 10.0 Hz, 3JH-H= 8.4 Hz), 5.05 (m, 1H, 
CH-OP), 6.86 (m, 2H, CH=), 6.86 (m, 2H, CH=), 6.99-7.15 (m, 7H, CH=), 7.27 (d, 
1H, CH=, 3JH-H= 8.4 Hz), 7.34 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.70 (pt, 2H, CH=, JH-H= 
7.6 Hz), 8.12 (s, 1H, CH=), 8.16 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 0.5 (d, CH3, 
SiMe3, JC-P= 4.52 Hz), 0.8 (CH3, SiMe3), 21.5 (d, CH3, 3JC-P= 3.02 Hz), 68.7 (d, CH-OP, 
2JC-P= 6.16 Hz), 70.0 (CH-N), 75.2 (CH2-Oox), 122.6-153.0 (aromatic carbons), 166.9 
(C=N). TOF-MS (ESI+): m/z = 672,2125 calcd. for C37H40NNaO4PSi2 [M+Na]+: 
672,2126. 
 
L14a: Yield: 429.0 mg (60%); 31P NMR (161.9 MHz, C6D6):146.2 (s); 1H NMR (400 
MHz, C6D6):  = 0.95 (d, 3H, CH3, iPr, 3JH-H= 7.2 Hz), 1.00 (d, 3H, CH3, iPr, 3JH-H= 7.2 
Hz), 1.26 (s, 18H, CH3, tBu), 1.59 (s, 9H, CH3, tBu), 1.62 (s, 9H, CH3, tBu), 2.26 (m, 
1H, CH, iPr), 3.775 (pt, 1H, CH-Oox, JH-H= 8.8  Hz), 4.15 (dd, 1H, CH-Oox, 2JH-H= 10.0 
Hz, 3JH-H= 8.0 Hz), 4.97 (m, 2H, CH-N, CH-OP), 6.98-7.14 (m, 5H, CH=), 7.32 (m, 2H, 
CH=), 7.58 (m, 2H, CH=). 13C (100.6 MHz, C6D6): δ= 18.6 (CH3, iPr), 18.7 (CH3, iPr), 
31.7 (CH3, tBu), 31.8 (CH3, tBu), 31.9 (CH3, tBu), 32.0 (CH3, tBu), 32.7 (d, CH, iPr, 3JC-
P= 2.3 Hz), 35.0 (C, tBu), 35.1 (C, tBu), 36.0 (C, tBu), 36.1 (C, tBu), 70.2 (CH-N), 75.0 
(CH2-Oox), 76.3 (d, CH-OP, 2JC-P= 8.34 Hz), 124.6-147.2 (aromatic carbons), 166.1 
(C=N). TOF-MS (ESI+): m/z = 680,3842 calcd. for C41H56NNaO4P [M+Na]+: 680,3839. 
 
L14b: Yield: 480.3 mg (68%); 31P NMR (161.9 MHz, C6D6):149.0 (s); 1H NMR (400 
MHz, C6D6):  = 0.56 (s, 9H, CH3, SiMe3), 0.60 (s, 9H, CH3, SiMe3), 0.72 (d, 3H, CH3, 
iPr, 3JH-H= 6.8 Hz), 0.82 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 2.20 (m, 1H, CH, iPr), 3.80 (pt, 
1H, CH-Oox, JH-H= 8.8  Hz), 4.22 (dd, 1H, CH-Oox, 2JH-H= 10.4 Hz; 3JH-H= 8.8 Hz), 4.77 
(dd, 1H, CH-OP, 3JH-P= 9.6 Hz; 3JH-H= 6.8 Hz), 5.03 (pt, 1H, CH-N, JH-H= 10.4 Hz ), 
6.86 (m, 2H, CH=), 6.99-7.15 (m, 7H, CH=), 7.28 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.33 
(d, 1H, CH=, 3JH-H= 8.4 Hz), 7.71 (t, 2H, CH=, 3JH-H= 7.2 Hz), 8.12 (s, 1H, CH=), 8.18 
(s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 0.5 (d, CH3, SiMe3, JC-P= 3.82 Hz), 0.8 (CH3, 
SiMe3), 18.4 (CH3, iPr), 18.6 (CH3, iPr), 32.6 (CH, iPr), 70.3 (CH-N), 75.2 (CH2-Oox), 
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75.8 (CH-OP), 123.3-153.0 (aromatic carbons), 165.9 (C=N). TOF-MS (ESI+): m/z = 
700,2441 calcd. for C39H44NNaO4PSi2 [M+Na]+: 700,2439. 
 
L14c: Yield: 481.0 mg (69%); 31P NMR (161.9 MHz, C6D6):147.3 (s); 1H NMR (400 
MHz, C6D6):  = 0.56 (s, 9H, CH3, SiMe3), 0.60 (s, 9H, CH3, SiMe3), 0.93 (d, 3H, CH3, 
iPr, 3JH-H= 6.8 Hz), 1.06 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 2.33 (m, 1H, CH, iPr), 3.52 (pt, 
1H, CH-Oox, JH-H= 8.8  Hz), 3.81 (dd, 1H, CH-Oox, 2JH-H= 10.4 Hz; 3JH-H= 8.4 Hz), 4.05 
(pt, 1H, CH-N, JH-H= 9.2 Hz), 4.96 (pt, 1H, CH-OP, JH-H= 7.6 Hz), 6.83 (m, 2H, CH=), 
6.96-7.15 (m, 7H, CH=), 7.24 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.30 (d, 1H, CH=, 3JH-H= 
8.4 Hz), 7.69 (t, 2H, CH=, 3JH-H= 8.8 Hz), 8.18 (s, 2H, CH=). 13C (100.6 MHz, C6D6): 
δ= 0.5 (d, CH3, SiMe3, JC-P= 4.60 Hz), 0.8 (CH3, SiMe3), 18.7 (CH3, iPr), 19.5 (CH3, iPr), 
32.7 (d, CH, iPr, 3JH-P= 4.62 Hz), 69.7 (CH-N), 74.7 (CH2-Oox), 77.0 (CH-OP), 123.2-
153.1 (aromatic carbons), 165.2 (C=N). TOF-MS (ESI+): m/z = 700,2438 calcd. for 
C39H44NNaO4PSi2 [M+Na]+: 700,2439. 
 
3.4.4.5. General procedure for the preparation of [Pd(3-allyl)(P-N)]BF4 
complexes 63-66 
The corresponding ligand (0.05 mmol) and the complex [Pd(-Cl)(3-1,3-allyl)]2 (0.025 
mmol) were dissolved in CD2Cl2 (1.5 mL) at room temperature under argon. AgBF4 (9.8 
mg, 0.05 mmol) was added after 30 minutes and the mixture was stirred for 30 
minutes. The mixture was then filtered over celite under argon and the resulting 
solutions were analyzed by NMR. After the NMR analysis, the complexes were 
precipitated as pale yellow solids by adding hexane.  
 
 
Pd-Ph-allyl-L9c (63). Major isomer (75%). 31P NMR (161.9 MHz, CD2Cl2):139.1 
ppm (s); 1H NMR (400 MHz, CD2Cl2): d = 0.30 (s, 9H, CH3, SiMe3), 0.54 (s, 9H, CH3, 
SiMe3), 4.38 (m, 1H, CH2), 4.47 (m, 1H, CH= trans to N), 5.01 (m, 2H, CH2, CH-N), 
5.96 (m, 1H, CHc=), 6.15 (m, 2H, CH-O, CH= trans to P), 7.1-8.2 (m, 30H, CH=). 13C 
(100.6 MHz, CD2Cl2): δ= -0.1 (CH3, SiMe3), 0.6 (CH3, SiMe3), 67.7 (CH-N), 67.9 (d, 
CH= trans to N, JC-P= 10.7 Hz), 76.3 (CH-OP), 78.0 (CH2), 108.1 (d, CH= trans to P, JC-
P= 29.8 Hz), 112.6 (d, CHc=, JC-P= 9.9 Hz), 120.0-150.0 (aromatic carbons), 169.5 
(C=N). Minor isomer (25%).31P NMR (161.9 MHz, CD2Cl2):140.2 ppm (s); 1H NMR 
(400 MHz, CD2Cl2): d = 0.20 (s, 9H, CH3, SiMe3), 0.39 (s, 9H, CH3, SiMe3), 4.35 (m, 
1H, CH2), 4.74 (m, 1H, CH-N), 5.01 (m, 1H, CH2), 5.23 (m, 1H, CH= trans to N), 5.27 
(m, 1H, CH= trans to P), 5.60 (m, 1H, CHc=), 6.15 (m, 1H, CH-OP), 7.1-8.2 (m, 25H, 
CH=). 13C (100.6 MHz, CD2Cl2): δ= -0.5 (CH3, SiMe3), -0.2 (CH3, SiMe3), 68.9 (CH-N), 
74.1 (d, CH= trans to N, JC-P= 10.7 Hz), 75.9 (CH-OP), 77.6 (CH2), 95.9 (d, CH= trans 
to P, JC-P= 42 Hz), 109.2 (d, CHc=, JC-P= 13 Hz), 120.0-150.0 (aromatic carbons), 
170.2 (C=N). 
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Pd-Ph-allyl-L13c (64). Major isomer (91%). 31P NMR (161.9 MHz, CD2Cl2):140.3 
ppm (s); 1H NMR (400 MHz, CD2Cl2): d = 0.46 (s, 9H, CH3, SiMe3), 0.74 (s, 9H, CH3, 
SiMe3), 1.96 (d, 3H, CH3, 3JH-H= 6.8 Hz), 4.33 (dd, 1H, CH2, 2JH-H= 8.8 Hz, 3JH-H= 4.8 
Hz), 4.51 (m, 1H, CH= trans to N), 4.88 (m, 1H, CH-N), 5.00 (m, 1H, CH2), 5.12 (m, 
1H, CH-OP), 6.02 (m, 2H, CHc=, CH= trans to P), 6.3-8.4 (m, 25H, CH=). 13C (100.6 
MHz, CD2Cl2): δ= -0.1 (CH3, SiMe3), 0.8 (CH3, SiMe3), 22.6 (b, CH3), 67.3 (CH-N), 68.3 
(d, CH= trans to N, JC-P= 9.9 Hz), 71.5 (CH-OP), 78.2 (CH2), 106.8 (d, CH= trans to P, 
JC-P= 30.4 Hz), 112.2 (d, CHc=, JC-P= 9.8 Hz), 121.0-150.0 (aromatic carbons), 172.1 
(C=N). Minor isomer (9%).31P NMR (161.9 MHz, CD2Cl2):142.9 ppm (s); 1H NMR 
(400 MHz, CD2Cl2): d = 0.41 (s, 9H, CH3, SiMe3), 0.62 (s, 9H, CH3, SiMe3), 1.75 (d, 3H, 
CH3, 3JH-H= 6.8 Hz), 4.39 (dd, 1H, CH2, 2JH-H= 8.8 Hz, 3JH-H= 4.4 Hz), 4.53 (m, 1H, CH= 
trans to N), 4.71 (m, 1H, CH2), 4.88 (m, 1H, CH-N), 5.12 (m, 1H, CH-OP), 5.98 (m, 
1H, CH= trans to P), 6.09 (m, 1H, CHc=), 6.3-8.4 (m, 25H, CH=). 13C (100.6 MHz, 
CD2Cl2): δ= 0.1 (CH3, SiMe3), 0.3 (CH3, SiMe3), 22.4 (b, CH3), 68.1 (CH-N), 68.4 (d, 
CH= trans to N, JC-P= 9.2 Hz), 70.9 (CH-OP), 78.0 (CH2), 98.8 (d, CH= trans to P, JC-P= 
32.4 Hz), 112.7 (d, CHc=, JC-P= 9.2 Hz), 121.0-150.0 (aromatic carbons), 172.3 
(C=N). 
 
Pd-Cy-allyl-L9c (65). Major isomer (95%). 31P NMR (161.9 MHz, CD2Cl2):143.3 
ppm (s); 1H NMR (400 MHz, CD2Cl2): d = 0.10 (m, 1H, CH2), 0.61 (s, 9H, CH3, SiMe3), 
0.81 (m, 1H, CH2), 0.89 (s, 9H, CH3, SiMe3), 1.0-1.3 (m, 4H, CH2), 4.05 (b, 1H, CH= 
trans to N), 4.53 (dd, 1H, CH2, 2JH-H= 9.6 Hz, 3JH-H= 7.2 Hz), 5.18 (m, 1H, CH2),5.33 
(m, 1H, CHc=), 5.95 (m, 2H, CH-N, CH= trans to P), 6.36 (d, 1H, CH-OP, JC-P= 26 Hz), 
7.10 (d, 1H, CH=, 3JH-H= 8.8 Hz) , 7.1-7.3 (m, 2H, CH=), 7.4-7.6 (m, 14H, CH=), 8.02 
(d, 2H, CH=, 3JH-H= 8.4 Hz), 8.24 (s, 1H, CH=).13C (100.6 MHz, CD2Cl2): δ= -0.4 (CH3, 
SiMe3), 0.0 (CH3, SiMe3), 19.9 (CH2), 27.0 (b, CH2), 68.5 (d, CH= trans to N, JC-P= 9.1 
Hz), 74.5 (CH-OP), 76.4 (CH-N), 78.2 (CH2), 104.4 (d, CH= trans to P, JC-P= 39.5 Hz), 
111.6 (d, CHc=, JC-P= 10.7 Hz), 122.7-151.0 (aromatic carbons), 169.4 (C=N). Minor 
isomer (5%).31P NMR (161.9 MHz, CD2Cl2):139.5 ppm (s); 1H NMR (400 MHz, 
CD2Cl2): d = 0.10 (m, 1H, CH2), 0.42 (s, 9H, CH3, SiMe3), 0.81 (m, 1H, CH2), 0.89 (s, 
9H, CH3, SiMe3), 1.0-1.3 (m, 4H, CH2), 3.94 (b, 1H, CH= trans to N), 4.42 (m, 1H, 
CH2), 5.21 (m, 1H, CH2), 5.33 (m, 1H, CHc=), 5.89 (m, 1H, CH= trans to P), 6.06 (m, 
1H, CH-N), 6.34 (d, 1H, CH-OP, JC-P= 21 Hz), 7.0-8.2 (m, 20H, CH=). 
 
Pd-Cy-allyl-L13c (66). 31P NMR (161.9 MHz, CD2Cl2):143.7 ppm (s); 1H NMR (400 
MHz, CD2Cl2): d = 0.11 (m, 1H, CH2), 0.47 (s, 9H, CH3, SiMe3), 0.54 (s, 9H, CH3, 
SiMe3), 0.68 (m, 1H, CH2), 1.0-1.3 (m, 4H, CH2), 1.89 (d, 1H, CH3, 3JH-H= 6.8 Hz), 4.04 
(b, 1H, CH= trans to N), 4.51 (dd, 1H, CH2, 2JH-H= 9.2 Hz, 3JH-H= 8 Hz), 5.15 (dd, 1H, 
CH2, 2JH-H= 9.2 Hz, 3JH-H= 10.8 Hz), 5.33 (m, 1H, CHc=), 5.36 (q, 1H, CH, 3JH-H= 6.8 
Hz), 5.71 (dd, 1H, CH-N, 3JH-H= 8 Hz, 3JH-H= 10.8 Hz), 5.95 (m, 1H, CH= trans to P), 
6.99 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.12 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.28 (m, 2H, 
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CH=), 7.4-7.5 (m, 7H, CH=), 8.02 (t, 1H, CH=, 3JH-H= 8.8 Hz), 8.23 (d, 1H, CH=, 3JH-
H= 7.2 Hz).13C (100.6 MHz, CD2Cl2): δ= -0.1 (CH3, SiMe3), 0.0 (CH3, SiMe3), 19.5 
(CH2), 22.9 (d, CH3, JC-P= 4.5 Hz), 27.1 (b, CH2), 67.9 (d, CH= trans to N, JC-P= 9.2 
Hz), 71.6 (CH-OP), 74.3 (CH-N), 78.2 (CH2), 104.0 (d, CH= trans to P, JC-P= 40 Hz), 
111.7 (d, CHc=, JC-P= 10.7 Hz), 121.0-151.0 (aromatic carbons), 171.8 (C=N). 
3.4.4.6. Typical procedure for the allylic alkylation of linear (S1, S3–S8) and 
cyclic (S2, S9 and S10) substrates.  
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. After this time, a solution of substrate (1 mmol) in dichloromethane (1.5 mL), 
nucleophile (3 mmol), N,O-bis(trimethylsilyl)-acetamide (3 mmol) and KOAc (3 mg, 
0.03 mmol) were added. The reaction mixture was stirred at room temperature. After 
the desired reaction time the reaction mixture was diluted with Et2O (5 mL) and 
saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 
mL) and the extract dried over MgSO4. For compounds 6, 8-17, 19-29 and 33-36, the 
solvent was removed, conversions were measured by 1H NMR and enantiomeric 
excesses were determined by HPLC5g (See Section 3.2). For compounds 7, 31-32, 37-
38 and 40-42, conversion and enantiomeric excesses were determined by GC5g (See 
Section 3.2). For compounds 30 and 39, conversion was measured by 1H NMR and ees 
were determined by 1H NMR using [Eu(hfc)3].5g 
3.4.4.7. Typical procedure for the allylic amination of S1.  
A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. After this time, a solution of substrate (1 mmol) in dichloromethane (1.5 mL), 
benzylamine (262 L, 3 mmol) were added. The reaction mixture was stirred at room 
temperature. After the desired reaction time the reaction mixture was diluted with Et2O 
(5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 
Et2O (3 x 10 mL) and the extract dried over MgSO4. Conversion of 18 was measured 
by 1H NMR and enantiomeric excesses were determined by HPLC.29  
3.4.4.8. Typical procedure for the allylic etherification and silylation of S1. 
 A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the desired 
phosphite-oxazoline ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 
30 min. Subsequently, a solution of S1 (31.5 mg, 0.125 mmol) in dichloromethane 
(1.5 mL) was added. After 10 min, Cs2CO3 (122 mg, 0.375 mmol) and the 
corresponding alkyl alcohol or silanol (0.375 mmol) were added. The reaction mixture 
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was stirred at room temperature. After the desired reaction time, the reaction mixture 
was diluted with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The 
mixture was extracted with Et2O (3 x 10 mL) and the extract dried over MgSO4. 
Conversions were measured by 1H NMR. HPLC was used to determine enantiomeric 
excesses of substrates 19-22.5g 
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3.5. Alternating theoretical and experimental optimization of a new 
amino-phosphite ligand library for asymmetric Pd-catalyzed allylic 
substitution 
Magre, M.; Biosca, M.; Norrby, P.-O.; Pàmies, O.; Diéguez, M. ChemCatChem, 2015, 7, 4091. 
 
Abstract: A new library of modular amino-phosphite ligands L15-L20a-g obtained in a few 
synthetic steps from enantiopure aminoalcohols has been tested in the asymmetric Pd-
catalyzed allylic substitution. The modular ligand design has been shown to be crucial in finding 
highly selective catalysts for each substrate type using a wide range of C, N and O-
nucleophiles. A DFT study of the species responsible for the enantiocontrol was used for 
optimizing the ligand structure. By selecting the ligand components, we were able to identify 
unprecedented catalytic systems that can create new chiral C-C, C-N and C-O bonds in a 
variety of substrate types (hindered and unhindered) in high yields and enantioselectivities 
(ee's up to 99%). Further studies on the Pd--allyl intermediates provided a deep 
understanding of the effect of ligand structure in the origin of enantioselectivity. Potential 
applications of the new Pd-amino-phosphite catalysts were demonstrated by the practical 




The synthesis of chiral C-X bonds, where X is a C atom or an heteroatom, are the most 
significant processes in the preparation of complex chiral molecules from simple ones. 
Of all the C-X bond forming strategies, enantioselective Pd-catalyzed allylic substitution 
is among the most studied. Some advantages include a high functional group tolerance, 
mild reaction conditions and high versatility of the alkene functionality of the substrate 
for further stereoselective functionalization.1 Most of the top ligands reported to date for 
Pd-allylic substitution use the capacity of the ligand to direct the nucleophilic attack to 
one of the allylic terminal atoms, by means of either a secondary ligand-nucleophile 
interaction2 or an electronic discrimination3.1 The latter approach uses heterodonor 
ligands to electronically differentiate between the two allylic terminal carbon atoms 
because of the different trans influences of the donor groups. Mixed 
phosphine/phosphinite-oxazoline ligands have played a dominant role among 
heterodonor.1 Our group has also contributed in the Pd-catalyzed allylic substitution with 
an improved generation of ligands. We have shown that some common limitations of 
this process, such as low reaction rates and high substrate specificity are overcome by 
introducing biaryl-phosphite moieties into the ligand design.4 As a result increased 
reaction rates are achieved thanks to the larger -acceptor ability of the phosphite 
groups and substrate versatility is increased because the flexibility of the phosphite 
moieties allows the catalyst chiral pocket to adapt to both hindered and unhindered 
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substrates. We have therefore reported several phosphite-oxazolines as extremely 
effective ligands for this process.5 Despite the important advances, the application of P-
oxazoline ligands is mainly limited to the use of few nucleophiles, mainly dimethyl 
malonate and benzylamine. The use of functionalized malonates and alkyl alcohols has 
scarcely been reported.1 In addition, only a few catalysts have been efficiently applied 
in the allylic substitution of a several type of substrates, with different electronic and 
steric proprieties, using a broad range of nucleophiles.6 More efforts have therefore to 
be made to expand the range of nucleophiles and substrates with the aim to synthesize 
more complex chiral organic molecules. 
To expand the range of ligands and improve performance, we have recently moved our 
research towards developing heterodonor ligands that contain groups more robust than 
oxazolines (Sections 3.2, 3.3 and 3.4). In this context, we reported the application of 
Pd-phosphite-pyridine/thioether catalytic systems in the allylic substitution of several 
substrate types using a large variety of nucleophiles.7 A part from this, the successful 
use in this process of other heterodonor P-X ligands where X are more robust groups 
than oxazoline has not been reported yet, and a systematic study of the scope of this 
family of ligands is still missing. Although other researchers have developed heterodonor 
phosphine/phosphinite-ligands, containing groups more robust than oxazoline (such as 
amine,8 imine,9 pyridine,10 thioether,11 etc.), only a few of them have been successfully 
applied and these are limited in substrate and nucleophile scope (enantioselectivities are 
mainly high in the allylic substitution of hindered standard substrate rac-(E)-1,3-
diphenyl-3-acetoxyprop-1-ene S1 using dimethylmalonate as nucleophile). To be of 
practical interest, substantial improvements in terms of enantioselectivity, chemical yield 
and substrate and nucleophile versatility are still needed.  
To address this point, in this study we prepared and tested a new family of chiral ligands 
that are readily accessible, easier to handle and that expand the application range. We 
therefore report a highly modular amino-phosphite ligand library (Figure 3.5.1) for the 
Pd-allylic substitution of hindered and unhindered substrates with a large number of 
nucleophiles. These ligands are easily prepared in few steps from readily available 
enantiopure aminoalcohols. They also incorporate the advantages of the robustness of 
the amine moiety and the additional control provided by either the adaptability of the 
chiral cavity due to the biaryl-phosphite groups and the flexibility of the chiral pocket 
through a highly modular ligand scaffold. In a simple two/three step procedure (Scheme 
3.5.1), several ligand parameters could be easily tuned to maximize the catalyst 
performance so that we could investigate the effect of systematically changing the 
substituents (ligands L15, L19 and L20) and configuration (ligands L15 and L18) at 
the ligand backbone, the amine substituents (ligands L15-L17) and the substituents and 
configurations in the biaryl phosphite moiety (a-g). By judicious choice of the ligand 
components, we achieved high enantioselectivities and activities in a number of 
substrates using a wide range of C-, N- and O-nucleophiles. The potential application of 
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these new Pd/amino-phosphite catalytic systems has also been demonstrated by the 
practical synthesis of chiral carbocycles by simple sequential reactions, with no loss in 
enantiomeric excess.  
 
 
Figure 3.5.1. Amino-phosphite ligand library L15-L20a-g. 
Despite the recent success of Pd/phosphite-nitrogen catalyst systems, the mechanistic 
aspects of these ligands are not sufficiently understood to predict, a priori, the type of 
ligand needed to obtain a high selectivity. To address this important point, in this paper 
we also carried out DFT calculations and the synthesis and characterization of the Pd--
allyl intermediates in order to explain the origin of enantioselectivity using these highly 
versatile catalytic systems. It should be noted that these DFT calculations have also been 
crucial in the optimization of the ligand design. 
 
3.5.2. Results and discussion 
3.5.2.1. Synthesis of ligand library 
Ligands L15-L20a-g were synthesized from the corresponding easily accessible 
enantiopure aminoalcohols (1-4, Scheme 3.5.1). Amino-alcohols 1-4 already 
incorporate the desired diversity in the substituents and in the configurations of the 
aminoalcohol backbone. The diversity at the amino group was achieved by either direct 
methylation of 1-4 using formic acid and formaldehyde to afford compounds 5-812 
(Scheme 3.5.1, step a) or by formation of oxazolidine 913 (Scheme 3.5.1, step b) from 
1, followed by ring-opening with the corresponding Grignard reagents (compounds 10-
11, step c)14. Finally, reaction of amino-alcohols 5-8, 10 and 11 with one equivalent of 
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the desired insitu formed phosphorocholoridite gave access to amino-phosphite ligands 
L15-L20a-g (step d) with the desired substituents and configurations of the biaryl 
phosphite group (a-g).  
 
 
Scheme 3.5.1. Synthesis of amino-phosphites L15-L20a-g. a) Formic acid /formaldehyde / 
H2O (yields 90-95%);12 b) 2,2-dimethoxypropane/toluene (yield 72%);13 c) MeMgBr /Et2O or 
PhMgBr/THF (yields 87-93%)14 and d) ClP(OR)2; (OR)2 = a-g/Py/toluene (yields 30-95%). 
Ligands L15-L20a-g were isolated in moderate-to-excellent yields as white solids after 
purification on neutral alumina under an atmosphere of argon. Advantageously, they 
were stable in air and very stable to hydrolysis, so further manipulation/storage was 
carried out in air. The HRMS-ESI spectra were in agreement with the assigned structure. 
Ligands L15-L20a-g were also characterized by 1H, 13C and 31P NMR spectroscopy. The 
spectral assignments, made using 1H–1H and 13C–1H correlation measurements, were as 
expected for these C1-symmetric ligands. One singlet for each compound was observed 
in the 31P NMR spectrum. Rapid ring inversions (tropoisomerization) in the biphenyl-
phosphorus moieties (a-c) occurred on the NMR time scale because the expected 
diastereoisomers were not detected by low-temperature 31P NMR (in CD2Cl2 +35 to -
85 °C).15 
3.5.2.2. Allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-ene S1 and 
rac-3-acetoxycyclohexene S2 with ephedrine-based ligands L15-L18a-g. 
Computational study for ligand optimization 
First, we tested the efficiency of the ephedrine-based amino-phosphite ligands L15-
L18a-g. As mentioned previously, the asymmetric Pd-catalyzed allylic alkylation is 
highly dependent on the olefin geometry. 1 The effectiveness of the catalyst in 
transferring the chiral information to the alkylated product mainly depends on its ability 
to adapt to the variation of the steric demands of the substrate. In order to assess the 
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performance of ligands L15-L18a-g in the allylic alkylation of substrates with different 
steric requirements, we initially evaluated them in the asymmetric Pd-catalyzed allylic 
alkylation of the model substrates rac-(E)-1,3-diphenyl-3-acetoxyprop-1-ene (S1) and 
rac-3-acetoxycyclohexene (S2) (Scheme 3.5.2). Because of the presence of less bulky 
anti substituents, the enantioselectivity for cyclic substrate S2 is more difficult to 
control.1 There are, therefore, fewer successful catalysts for S2. In all the cases, the 
catalysts were generated in situ from [PdCl(3-C3H5)]2 and the corresponding ligand. 
 
 
Scheme 3.5.2. Pd-allylic alkylation of model substrates S1 and S2. 
The results, summarized in Table 3.5.1, indicate that enantioselectivity is mainly affected 
by the substituents/configuration at the biaryl phosphite moiety (a-g) and by the amine 
substituents, while the configuration of the ephedrine-backbone affects less. The sense 
of the enantioselectivity is therefore mostly controlled by the biaryl phosphite moiety, 
regardless of the configuration of the ephedrine-backbone. The effect of the 
substituents/configuration of the biaryl phosphite moiety was studied with ligands L15a-
g (Table 3.5.1, entries 1-7). Results indicate that the presence of trimethylsilyl groups 
at the ortho positions of the biaryl phosphite moiety affects negatively both the activity 
and the enantioselectivity (entry 3 vs 1-2 and entries 6-7 vs 4-5).  
Also, by comparing the results from using ligand L15a with the related enantiopure 
biaryl ligands L15d and L15e (entry 1 vs 4 and 5), we can conclude that the 
tropoisomeric biphenyl moiety in ligands L15a-c is not controlled when coordinated in 
the Pd--allyl intermediate species. The best enantioselectivities are therefore obtained 
with ligands containing enantiopure biaryl phosphite moieties, with tert-butyl groups at 
the ortho positions (d and e; entries 4 and 5).  
We then evaluated the effect of the amine substituents with ligands L15-L17. In general, 
the use of ligands L15, with a dimethyl amine group, yielded higher enantioselectivities 
than ligands L16 and L17 (i.e. entries 4 vs 9 and 12). A plausible explanation may be 
the formation of mixtures of diastereomeric amino complexes with ligands L16 and L17 
(note that the N atom in ligands L16 and L17 becomes a stereogenic center when 
coordinated to the metal). In addition, L15 have the advantage that can be synthesized 
in fewer steps than L16-L17 (Scheme 3.5.1). 
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Table 3.5.1. Pd-catalyzed allylic alkylation of substrates S1-S2 with dimethyl malonate as 





Entry Ligand % Conv (% Yield)b % eec  % Conv (% Yield)d % eee 
1 L15a 100 (94) 31 (R)  100 (93) 9 (R) 
2 L15b 100 (92) 29 (R)  100 (94) 8 (R) 
3 L15c 51 (48) 11 (R)  98 (91) 3 (R) 
4 L15d 100 (94) 81 (R)  100 (90) 60 (R) 
5 L15e 100 (93) 75 (S)  100 (93) 60 (S) 
6 L15f 50 (45) 64 (R)  95 (89) 39 (R) 
7 L15g 36 (31) 27 (S)  97 (91) 58 (S) 
8 L16a 29 (24) 6 (S)  100 (92) 9 (S) 
9 L16d 100 (96) 42 (R)  100 (88) 36 (R) 
10 L16e 70 (66) 33 (S)  100 (93) 56 (S) 
11 L17a 56 (51) 0  100 (91) 9 (S) 
12 L17d 100 (93) 42 (R)  100 (92) 53 (S) 
13 L17e 84 (80) 29 (S)  100 (89) 68 (S) 
14 L18a 62 (57) 8 (R)  100 (93) 7 (R) 
15 L18d 100 (96) 81 (R)  100 (91) 45 (R) 
16 L18e 89 (85) 60 (S)  100 (93) 70 (S) 
a Reactions were run at 23 °C with [PdCl(3-C3H5)]2 (0.5 mol%), ligand (1 mol%), CH2Cl2 as solvent, 
BSA (3 eq), dimethyl malonate (3 eq), KOAc. b Conversions and yields determined after 6 h.                    
c Enantiomeric excesses determined by HPLC. d Conversions and yields determined after 18 h.                        
e Enantiomeric excesses determined by GC. 
 
Finally, the configuration of the ephedrine backbone was studied by comparing ligands 
L15 and L18. A cooperative effect between the configurations of both the ephedrine-
backbone and the biaryl phosphite moiety was observed. Such a cooperative effect 
depends of the steric demands of the substrate.  
While for S1 the cooperative effect results in a matched combination for ligands L15d 
and L18d (81% ee, entries 4 and 15), containing a R-biphenyl moiety, the matched 
combination for substrate S2, was achieved using pseudo-ephedrine ligand L18e (70% 
ee, entry 16), containing a S-biphenyl phosphite moiety. 
To find what ligand parameters should be further modified to increase enantioselectivity, 
we performed a DFT computational study of the key intermediates and transition states 
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involved in the enantiocontrol of the Pd-catalyzed allylic substitution of substrate S1, 
using ligands L18d and L18e as models. The mechanistic studies found in the literature 
have shown that enantioselectivity is controlled in the effectively irreversible nucleophilic 
attack, but transition state (TS) for this step can be either early or late depending on the 
nature of the nucleophile, ligands, and reaction conditions. In an early transition state, 
the interactions leading to stereochemical differentiation can be understood from the 
structure of the Pd-allyl intermediate,16 whereas the late transition state is more 
reminiscent of the Pd-alkene product complex.17 A sterically encumbered ligand can in 
fact be employed to push the allyl into a more product-like orientation, strongly affecting 
the regiochemical preference in the nucleophilic attack.18 In our experience, a diffuse 
anion like malonate, or a neutral nucleophile like amine, would be expected to give 
relatively early transition states, whereas a highly concentrated charge like a fluoride 
anion gives a late TS.19 
For the early TS case, stereochemistry is governed by both the population of the Pd-3-
allyl intermediates and the relative electrophilicity of the allylic carbon atoms, with an 
allyl terminus trans to a phosphorus atom generally being more reactive than one trans 
to a nitrogen. When the TS is late, the formation of the most stable Pd-olefin complex 
controls enantioselectivity. Calculation were carried out using the B3LYP functional, the 
6-31G*/LANL2DZ basis set, and the PCM solvent model with parameters for CH2Cl2, as 
implemented in Gaussian 09. The energies were further refined by performing single-
point calculations at the 6-311+G** level, and by dispersion correction with the DFT-D3 
model. Previous experience has shown that ammonia can be used as a good model 
nucleophile,2b,20 avoiding the problems related to charge separation in conjunction with 
a continuum solvent model. Note that the use of ammonia as nucleophile instead of 
dimethyl malonate results in the inversion of the CIP descriptor in the 1,3-diphenylallyl 
case, due to the change in priority of the groups, although the sense of stereoselectivity 
is maintained. 
We initially calculated the relative stability of the Pd-3-diphenylallyl complexes. Only 
the two syn-syn 3-allyl complexes (named Pd-3-endo and the Pd-3-exo, Table 3.5.2) 
were calculated. The contribution of the other allylic species of higher energy (anti-anti 
and syn-anti Pd-3) was neglected. In line with the catalytic results (Table 3.5.1), the 
DFT results indicate that the configuration of the biaryl-phosphite moiety controls the 
preferential formation of one of the syn-syn Pd-allyl intermediates.  
Thus, while for ligand L18d the formation of the Pd-3-exo is preferred (G = 7.6 kJ/mol), 
the most stable Pd-allyl intermediate for L18e is Pd-3-endo (G = 8.2 kJ/mol). 
Assuming that the allyl intermediates are in rapid equilibrium 21 and that the nucleophile 
will always attack trans to phosphorus, we can see that the preferred intermediate leads 
to the preferred product in this case. 
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Table 3.5.2. Calculated energies for the endo and exo Pd-3-allyl intermediates, 







0  8.2 
 
 
7.6  0 
 
 
0  2 
 
 
4  0 
 
 
0  0 
 
 
1.8  5 
     
a Relative energies in kJ/mol. 
 
We then calculated the transition states TSendo and TSexo, using NH3 as nucleophile (Table 
3.5.2). The energy differences of the calculated TSs agree with the catalytic results. The 
energy difference between both TSs of ligand L18d (G= 4 kJ/mol) is higher than for 
ligand L18e (G= 2 kJ/mol). This is in good agreement with the higher 
enantioselectivities achieved using ligand L18d (Table 3.5.1, 81% ee for L18d vs 60% 
ee for L18e). In addition, the formation of opposite enantiomers of the substituted 
product is predicted when using ligands L18d and L18e. 
Finally, we calculated the Pd-olefin intermediates (Pd-olefinendo and Pd-olefinexo). The 
results (Table 3.5.2) indicated that the larger energy difference of the Pd-olefin 
complexes is achieved with ligand L18e (G= 5 kJ/mol for L18e vs 1.8 kJ/mol for L18d). 
Thus, in the current case, the product complex energies do not correlate with the 
transition state energies or with the experimental selectivities. The structural elucidation 
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of the Pd-allyl intermediates and the determination of their relative reactivity towards 




















Figure 3.5.2. Calculated transition states using ephedrine-based ligands L18d and L18e. 
 
Figure 3.5.2 shows the calculated TSs for the major and the minor pathway with both 
ligands. A special feature of all these TSs is that the methyl substituent of the ephedrine-
backbone is pointing in the opposite direction to the coordination sphere. This finding 
suggests that the methyl group should have little impact on the enantioselectivity. To 
prove this, we recalculated the TSs by removing the methyl substituent of the ephedrine-
backbone (new ligand L19e; Figure 3.5.1). Surprisingly, the calculated energy difference 
between the two TSs for the formation of both enantiomers of the alkylated product 
(Figure 3.5.3a) was 8.5 kJ/mol (ligand L19e) surpassing the values for ligands L18d 
and L18e (4 kJ/mol and 2 kJ/mol, respectively), indicating that ligand L19e should 
provide higher enantioselectivity than the ephedrine-based ligands L18d and L18e. 
To study the effect of the other stereogenic center of the ephedrine-backbone (C-2), the 
phenyl substituent was switched from C-1 to C-2 (new ligand L20e, Figure 3.5.1). 
Slightly lower energy difference between the TSs were achieved than using Pd-L18e 
(Figure 3.5.3b), which suggest that this modification should provide lower 
enantioselectivities than L18e.  
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Figure 3.5.3. Calculated energies of transition states (TSs) using (a) ligands L19e and (b) 
L20e. 
These theoretical results prompted us to prepare and screen amino-phosphite ligands 
L19-L20d-e (Scheme 3.5.1) in the asymmetric allylic substitution of substrates S1 and 
S2. The experimental results are shown in Table 3.5.3. As predicted by the theoretical 
calculations, the use of ligand L19e, without the methyl substituent at stereogenic C-2 
of the ephedrine backbone, in the allylic alkylation of S1 provided the highest 
enantioselectivities (Table 3.5.3, entry 2, 94% (S) ee), while the use of ligand L20e led 
to similar enantioselectivities to L18e (entry 4). The same behavior is observed in the 
allylic alkylation of cyclic substrate S2. Using ligand L19e we could therefore increase 
enantioselectivity from 70% ee to 82% ee (Table 3.5.3, entry 2).  
 
Table 3.5.3. Pd-catalyzed allylic alkylation of substrates S1 and S2 with dimethyl malonate 





Entry Ligand % Conv 
(% Yield)b 
% eec  % Conv 
(% Yield) d 
% eee 
1 L19d 100 (94) 92 (R)  100 (90) 70 (R) 
2 L19e 100 (96) 94 (S)  100 (89) 82 (S) 
3 L20d 100 (92) 41 (R)  100 (91) 46 (R) 
4 L20e 100 (93) 62 (S)  100 (92) 62 (S) 
5f L19e 100 (95) 97 (S)  100 (91) 86 (S) 
6g L19e 38 (32) 89 (S)  56 (49) 74 (S) 
a Reactions were run at 23 °C with [PdCl(3-C3H5)]2 (0.5 mol%), ligand (1 mol%), CH2Cl2 as solvent, 
BSA (3 eq), dimethyl malonate (3 eq), KOAc. b Conversions and yields determined after 6 h.                     
c Enantiomeric excesses determined by HPLC. d Conversions and yields determined after 18 h.                 
e Enantiomeric excesses determined by GC. f Reactions carried out at 5 °C. g Reactions carried out at 
-15 °C. 
 
Interestingly, for substrate S1, ligand L19d provided similar high enantioselectivities 
like L19e did, but in the opposite enantiomer of the substitution product (92% (R) ee, 
entry 1). Both enantiomers of the substitution products can be therefore obtained by 
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simply changing the configuration of the biaryl phosphite moiety in ligands L19. All these 
results show the importance of using modular scaffold to build new ligand systems.  
Enantioselectivity can be improved by controlling not only the structural but also the 
reaction parameters. We therefore studied these reactions at a low reaction temperature 
(entries 5 and 6). Enantioselectivity was further improved (ee's up to 97% for S1 and 
86% for S2) by lowering the reaction temperature to 5 ºC (Table 3.5.3, entry 5). 
3.5.2.3. Allylic substitution of symmetrical 1,3-disubstituted allylic substrates 
S1-S7 with other C-, N- and O-nucleophiles. Scope and limitations 
With the optimal amino-phosphite ligands L19e and L19d we investigated the substrate 
and nucleophile scope. The following linear and cyclic disubstituted substrates with 
different steric properties were studied (Scheme 3.5.3): rac-(E)-1,3-diphenyl-3-
acetoxyprop-1-ene (S1), rac-(E)-1,3-ditolyl-3-acetoxyprop-1-ene (S3), rac-(E)-1,3-
dimethyl-3-acetoxyprop-1-ene (S4), rac-(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate 
(S5), rac-3-acetoxycyclohexene (S2), rac-3-acetoxycyclopentene (S6) and rac-3-
acetoxycycloheptene (S7).  
 
 
Scheme 3.5.3. Pd-catalyzed allylic substitution of several allylic substrates S1-S7 and a 
wide range of C-, N- and O-nucelophiles. 
The range of nucleophiles was also expanded, compared to previous work, with special 
attention to the more challenging and interesting, from a synthetic point of view, 
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functionalized malonates and -diketones. The results of Pd/L19e and Pd/L19d in the 
allylic substitution of S1 using a wide range of C-nucleophiles are shown in Table 3.5.4. 
It can be observed that enantioselectivity was relatively unaffected by a change in the 
steric nature of the ester groups and in the substituents of the malonate nucleophiles 
(entries 1-13). Therefore, a variety of malonates, including those -substituted, reacted 
cleanly with S1 to afford products 14-20 in high yields, and with enantioselectivities 
that were as high as or higher than those obtained with dimethyl malonate (ee's up to 
99% ee, entries 1-13). Among them, it should be stressed the high enantioselectivities 
using allyl-, butenyl, pentenyl- and propargyl-substituted malonates (entries 7-13, 
between 95-99% ee). 
 
Table 3.5.4. Allylic substitution of S1 with other several C-nucleophiles using Pd/L19d-e 
catalytic systems.a 
a Reactions were run at 23 °C with [PdCl(3-C3H5)]2 (0.5 mol%), CH2Cl2 as solvent, ligand (1 mol%), 
BSA (3 eq), KOAc. b Full conversions were achieved after 12 h. c Enantiomeric excess determined 
by chiral HPLC or GC. d Reactions carried out at 5 °C for 24 h. Full conversions were achieved in all 
cases. 
This is advantageous because the resulting products are important precursors for more 
complex chiral molecules (see section 3.5.2.4). Excellent enantiocontrol was also 
   L19d L19e 
Entry H-Nu Product % Y.b % eec % Y.b % 
eec 
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achieved when the -diketone acetophenone, affording product 21 in high yield and 
enantioselectivity (entries 14-15). 
It should be pointed out that the excellent results achieved using benzylamine validates 
the use of ammonia as nucleophile for the computational model. In all cases, both 
enantiomers of the substituted product can be obtained in high yields and 
enantioselectivities (Table 3.5.5, entry 1). We then went on to study the allylic 
substitution of S1 using alkyl alcohols as a challenging class of O-nucleophiles. The 
stereoselective construction of compounds with ether groups next to a chiral carbon is 
important for the preparation of biologically active compounds. 22  
 
Table 3.5.5. Allylic substitution of S1 with other several N- and O-nucleophiles using 
Pd/L19d-e catalytic systems.a 
a Reactions were run at 23 °C with [PdCl(3-C3H5)]2 (0.5 mol%), CH2Cl2 as solvent, ligand (1 mol%), 
BSA (3 eq), KOAc. b Full conversions were achieved after 12 h. c Enantiomeric excess determined by 
chiral HPLC or GC. d Reactions carried out using 2 mol% [PdCl(3-C3H5)]2, 4 mol% ligand, Cs2CO3 (3 
eq). Full conversions were achieved in all cases. 
 
Although the enantioselective Pd-allylic etherification is currently studied by important 
research groups, few successful examples have been reported. Among them phenols 
have been the most studied, 23 while the aliphatic alcohols have been explored less. 11f,24 
The reaction of Pd/L19e and Pd/L19d with several substituted benzylic alcohols also 
proceeded smoothly to afford both enantiomers of the desired products in high yields 
(Table 3.5.5, entries 2-5). Furthermore, the enantioselectivity was seen to be influenced 
by the electronic nature of the substituted benzylic alcohol. The highest 
enantioselectivity (ee's up to 94%, entry 4) was obtained when the benzylic alcohol 
contained an electron deficient para CF3 substituent, and the selectivity diminished 
gradually as the substituent was more electron-rich. This behaviour is opposite to that 
observed in the etherification reaction with Pd/(S,Rp)-FerroNPS catalytic system,18c 
which is one of the few Pd-catalysts that has been specially designed for this purpose 
   L19d L19e 
Entry H-Nu Product % Y.b % eec % Y.b % eec 
1 
  
89 97 (S) 92 99 (R) 
2d 
  




91 28 (+) 94 30 (-) 
4d 
  
92 91 (+) 94 94 (-) 
5d 
  
93 68 (+) 91 70 (-) 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





and successfully applied. The Hammet plot of this electronic effect shows a linear free-
energy relationship (Figure 3.5.4;  = 1.78) between enantioselectivity and the 
electronic character of the substituent.25 This plot could therefore be used for predicting 
the enantioselectivity of asymmetric allylic substitution when para-substituted benzylic 





Figure 3.5.4. Hammet plot for the Pd-catalyzed allylic etherification of S1 with ligand L19e. 
The scope of Pd/L19e-L19d catalytic systems was further studied by using other linear 
substrates (Scheme 3.5.3) with different electronic (rac-(E)-1,3-ditolyl-3-acetoxyprop-
1-ene S3) and steric requirements (rac-(E)-1,3-dimethyl-3-acetoxyprop-1-ene S4 and 
rac-(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate S5) than substrate S1 (Figure 3.5.5, 
compounds 27-33).  
 
Figure 3.5.5. Asymmetric Pd-catalyzed allylic substitution of substrates S3-S5 using several 
C-nucleophiles. Full conversions were achieved in all cases. 0.5 mol% [PdCl(3-C3H5)]2, 
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The results using S3 followed the same trend than for S1. High enantioselectivities, in 
both enantiomers of the substituted product, were obtained in the alkylation of S3 using 
several malonates, including those -substituted with allyl- and butenyl-groups (ee's up 
to 99%, compounds 27-29). The allylic substitution of substrate S4, which is less 
sterically demanding and is substituted much less enantioselectively than S1,26 also 
proceeded smoothly (compounds 30-32). Although enantioselectivity depended on the 
steric properties of the nucleophile, we were pleased to see that for the more challenging 
-substituted malonates enantioselectivities were higher (compounds 31-32, ee up to 
81%) than for the standard dimethyl malonate. Finally, we were pleased to find out that 
Pd/L19d-e also provided high enantioselectivity, in both enantiomers of the alkylated 
product, of the more demanding substrate S5 (95% ee) which usually reacts with lower 
yields and enantioselectivities than model substrate S1.  
Finally, the good performance of Pd/L19e was also seen in the allylic substitution of 
cyclic substrates using a range of C-nucleophiles, including the less studied -substituted 
malonates and -diketones.   
For substrate S2, enantioselectivities were as high as those obtained with dimethyl 
malonate (Table 3.5.6, entries 1-5, products 34-38). Even more interesting is the high 
enantioselectivity achieved using other cyclic substrates with different ring size (rac-
acetoycyclopentene S6 and rac-acetoxycycloheptene S7). The enantiocontrol was high 
in both cases, even in the allylic substitution of rac-3-acetoxycyclopentene (products 39 
and 40), which is usually alkylated much less enantioselectively than 6- and 7-
membered cyclic substrates.  
In summary, by a theoretically-guided optimization of the crucial stereodefining moieties 
in this new family of modular amino-phosphite ligand library, we have been able to 
identified one of the very few catalytic systems that can create new C-C, C-N and C-O 
bonds, in a number of substrate types, with different electronic and steric proprieties, 
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Table 3.5.6. Allylic substitution of cyclic substrates S2, S6 and S7 with other several C-
nucleophiles using the Pd/L19e catalytic system.a 




































94 93 (S) 
a Reactions were run at 5 °C with [PdCl(3-C3H5)]2 (0.5 mol%), CH2Cl2 as solvent, ligand (1 mol%), 
BSA (3 eq), KOAc. b Full conversions were achieved after 24 h. c Enantiomeric excess determined by 
chiral HPLC or GC.  
 
3.5.2.4. Synthetic applications of the allylic substitution compounds. 
Preparation of chiral carbocycles 
Asymmetric allylic alkylation (AAA) is a relevant method for creating chiral C-C and C-
heteroatom bonds. Furthermore, functionalized substrates (see for example the above 
compounds 17-19, 28-29 and 32, formed by Pd-AAA with nucleophiles containing allyl-, 
butenyl- and pentenyl groups), open up new pathways to easily build up more complex 
molecules. To illustrate these aspects, we have prepared a range of chiral carbocycles 
(43-49) by simple tandem reactions involving allylic substitution of the substrate and 
ring-closing metathesis reactions (Scheme 3.5.4a) or the sequential allylic substitution 
and cycloisomerization of 1,6-enyne (Scheme 3.5.4b) reactions. Thus, the allylic 
substitution compounds (17-19, 28-29 and 32; Scheme 3.5.3), bearing a terminal 
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alkene, can undergo clean ring-closing metathesis with no loss in enantiomeric excess. 
A range of 5-, 6- and 7-membered carbocycles with different R substituents (R= Me, Ph, 
pTol) were therefore prepared in good yields and high enantioselectivities (compounds 
43-48; Scheme 3.5.4a). Also, the carbobicycle hyndrindane 49 is obtained by 
cycloisomerization of the 1,6-enyne 37, produced from the AAA of S2 with dimethyl 
propargylmalonate, using the methodology described by Uozumi et al. (Scheme 3.5.4b). 
 
 
Scheme 3.5.4. Preparation of chiral carbocycles via sequential allylic substitution of 
functionalized olefins/cyclisation reactions. 
3.5.2.5. NMR study of key Pd-3-allyl intermediates 
Our DFT studies have shown that enantioselectivity is determined during the nucleophilic 
attack (Table 3.5.2). Consequently, structural elucidation of the Pd-allyl intermediates 
and the determination of their relative reactivity towards the nucleophile are essential 
to understand their catalytic behavior. For this purpose we studied the Pd-3-allyl 
compounds 50-54 [Pd(3-allyl)(P-N)]BF4 (P-N = L18-L19d-e) (Scheme 3.5.5) to obtain 
further insight into how ligand parameters affect catalytic performance.  
 
 
Scheme 3.5.5. Preparation of [Pd(3-allyl)(P-N)]BF4 complexes 50-54. 
These ionic palladium complexes, which contain 1,3-diphenyl or cyclohexenyl allyl 
groups, were prepared using the previously reported method from the corresponding Pd-
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allyl dimer and the appropriate ligand in the presence of silver tetrafluoroborate (Scheme 
3.5.5).27  
The complexes were characterized by elemental analysis and by 1H, 13C and 31P NMR 
spectroscopy. The spectral assignments were based on information from 1H-1H, 31P-1H 
and 13C-1H correlation measurements in combination with 1H-1H NOESY experiments. 
Unfortunately, we were unable to obtain crystal of sufficient quality to perform X-ray 
diffraction measurements. 
 
Palladium 1,3-diphenyl-allyl complexes 
The VT-NMR study (30 ºC to -80 ºC) of Pd-allyl intermediates 50 and 51, which 
respectively contains ephedrine-based ligands L18d and L18e, showed a mixture of two 
isomers in equilibrium at a ratio of 7:2 and 1:5, respectively.28 Both isomers were 
unambiguously assigned by NMR to the two syn/syn Pd-3-endo and exo isomers 
(Scheme 3.5.6). 
 
Scheme 3.5.6. Diastereoisomer Pd-allyl intermediates for S1 with ligands L18d and L18e. 
The relative amounts of each isomer are shown in parentheses. The chemical shifts (in ppm) 
of the allylic terminal carbons are also shown. 
In all cases, the NOE indicated interactions between the two terminal protons of the allyl 
group, which clearly indicates a syn/syn disposition (Figure 3.5.6). In addition, for the 
major isomer of 50 and the minor isomer of 51, one of the methyl substituents of the 
amino group (the one that shows NOE interaction with the hydrogen attached to C-2) 
showed NOE between the terminal allyl proton trans to the phosphite moiety, while this 
interaction appeared with the central allyl proton in the minor isomer 50 and major 
isomer of 51 (Figure 3.5.6). Moreover, the other methyl substituent of the amino group 
(the one that shows NOE with the hydrogen attached to C-1) also shows NOE interaction 
with the central allyl proton in major isomer 50 and the minor isomer of 51, while this 
interaction appears with the terminal allyl proton trans to the phosphite moiety for minor 
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and major isomers of 50 and 51, respectively. Finally, the minor isomer of 50 and major 
isomer of 51 also showed NOE interactions between the terminal allyl proton trans to 
the amino group with one of the tert-butyl substituents at the biaryl phosphite moiety 
(the one that shows NOE contacts with the hydrogen attached to C-1). These interactions 
can be explained by assuming a syn/syn endo disposition for major and minor isomers 
of 50 and 51, and a syn/syn exo disposition for minor and major isomers of 50 and 51 
(Scheme 3.5.6). Although the population of the Pd-allyl intermediates obtained by DFT 
calculations is different than those find by NMR, the general trend is reproduced well. 
Thus, while for Pd/L18d the major isomer is Pd-3-endo, for Pd-L18e the major isomer 
is Pd-3-exo.  
 
Figure 3.5.6. Relevant NOE contacts from the NOESY experiment of [Pd(3-1,3-diphenyl 
allyl)(L18d)]BF4 (50) isomers are shown as example. The same NOE contacts were 
observed for [Pd(3-1,3-diphenylallyl)(L18e)]BF4 (51) isomers. 
In all isomers, the carbon NMR chemical shifts indicate that the most electrophilic allyl 
carbon terminus is trans to the phosphite moiety (Scheme 3.5.6). Assuming that the 
nucleophilic attack takes place at the more electrophilic allyl carbon terminus,1 and in 
line with the DFT calculations, the stereochemical outcome of the reaction is not fully 
controlled by the population of the Pd-allyl intermediates (note that the diastereomeric 
excesses differ from the enantiomeric excesses). So, the relative electrophilicity of the 
terminal allylic carbons of each isomer plays an important role and have to been taken 
into account. In this respect, Pd/L18d catalyst shows higher electronic differentiation 
between the more electrophilic allylic terminal carbon atoms of both isomers ((13C)= 
6 ppm) than in Pd/L18e ((13C)= 2 ppm). This higher electronic differentiation makes 
the major isomer of Pd/L18d to react faster than the major isomer of Pd/L18e and fully 
accounts for the higher enantioselectivity achieved with Pd/L18d than with Pd/L18e. 
The VT-NMR study of Pd-allyl intermediate 52 containing ligand L19e, which differs from 
previous Pd/L18d-e catalysts in that the methyl substituent of the ephedrine ligand 
backbone has been removed, also had a mixture of two syn/syn Pd-3-endo and exo 
isomers, at a ratio 1:2 (Scheme 3.5.7).  
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Scheme 3.5.7. Diastereoisomer Pd-allyl intermediates for S1 with ligand L19e. The 
relative amounts of each isomer are shown in parentheses. The chemical shifts (in 
ppm) of the allylic terminal carbons are also shown. 
Also, the most electrophilic allyl carbon terminus was trans to the phosphite moiety. 
However, an important difference between complexes 50 and 51 is the higher electronic 
differentiation between the more electrophilic allylic terminus carbon atoms of both 
isomers in complex 52 ((13C)= 11 ppm) than in previous complexes 50 and 51 
((13C)= 6 and 2 ppm, respectively).  
 
 
Figure 3.5.7. 31P-{1H}NMR spectra of [Pd(3-1,3-diphenylallyl)(L19e)]BF4 (52) in CD2Cl2 at 
-80 oC (a) before the addition of sodium malonate and (b) after the addition of sodium 
malonate. 
This higher electronic differentiation may explain the higher enantioselectivity obtained 
with Pd/L19e than with Pd/L18d-e. Accordingly, the reactivity of the Pd-intermediates 
with sodium malonate at low temperature by in situ NMR indicates that the major Pd-3-
exo isomer reacts 4 times faster than minor Pd-3-endo isomer (Figure 3.5.7), which 
fully agrees with the ee obtained experimentally. 
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Palladium 1,3-cyclohexenyl-allyl complexes 
 
Finally, in an attempt to provide further information about the positive effect on 
enantioselectivity observed in the allylic substitution of the unhindered cyclic substrate 
S2 when the methyl substituent of the ephedrine backbone was removed, we also 
studied the Pd-1,3-cyclohexenyl-allyl intermediate 53, which contains ephedrine-based 
amino-phosphite ligand L18e, and compared it with its related amino-phosphite 
counterpart (Pd/L19e). The VT-NMR (35 °C to –80 °C) of Pd intermediates 53 and 54 
showed a mixture of the two possible isomers at a ratio of 10:1 and 20:1, respectively 
(Scheme 3.5.8). 
 
Scheme 3.5.8. Diastereoisomer Pd-allyl intermediates for S2 with ligands L18e and L19e. 
The relative amounts of each isomer are shown in parentheses. The chemical shifts (in ppm) 
of the allylic terminal carbons are also shown. 
The major isomers were unambiguously assigned by NOE to Pd-3-endo isomers (Figure 
3.5.8). In both cases, the NOE indicates interactions between the central allyl proton 
and one of the methyl substituents of the amino group (the one that shows NOE with 
the hydrogen attached to C-1 of the ligand backbone) and with one of the tert-butyl 
substituents at the biaryl phosphite moiety (the one that also shows NOE contact with 
the hydrogen attached to C-1) (Figure 3.5.8). The carbon NMR chemical shifts indicated 
that the most electrophilic allylic terminus carbon is trans to the phosphite moiety. 
Assuming that the nucleophilic attack takes place at the most electrophilic allyl carbon 
terminus, and taking into account the observed stereochemical outcome of the reaction 
(70% (S) for complex 53 and 82% (S) for 54), and the fact that the enantiomeric 
excesses of alkylation product 13 are different from the diastereoisomeric excesses of 
the Pd-intermediates (de = 81% (S) for 53 and de= 90% (S) for 54), the minor isomers 
must react slightly faster than major isomers. This is in agreement with the slightly 
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higher electrophilicity of the allylic terminus carbon trans to the phosphite moiety located 
at the minor isomers (i.e. (13C) around 1 ppm for Pd/L18e). The lower 
enantioselectivities obtained with Pd/ephedrine-based amino-phosphite ligand 
L18e than with related Pd/L19e catalytic system can therefore be attributed to the 
increase in the relative amount of fast reacting isomer exo with respect to isomer endo 
compared with the population of endo and exo isomers in Pd/L19e. 
 
 
Figure 3.5.8. Relevant NOE contacts from the NOESY experiments for the major isomers of 
[Pd(3-1,3-cyclohexenylallyl)(L)]BF4 (53 and 54; L= L18e and L19e, respectively). 
3.5.3. Conclusions 
A new library of modular amino-phosphite ligands L15-L20a-g has been successfully 
tested in the asymmetric Pd-catalyzed allylic substitution of substrates with different 
steric and electronic requirements applying a large variety of nucleophiles. These ligands, 
which are prepared in a few steps from readily available enantiopure aminoalcohols, 
include the benefits of a high stability of the amine moiety and the additional control 
provided by both the adaptability of the chiral cavity due to the biaryl-phosphite groups 
and the flexibility of the chiral pocket through a highly modular ligand scaffold. Other 
advantages of these ligands are that they are solid, stable to air and other oxidizing 
agents and therefore easy to handle and can be manipulated and stored in air. In simple 
two or three steps, several ligand parameters have been tuned to maximize the catalyst 
performance. Enantioselectivity is mainly controlled by the substituents/configuration at 
the biaryl phosphite moiety and by the amine substituents, while the configuration of 
the ephedrine-backbone affects less. Theoretically-guided optimization based on DFT 
studies allowed rationalizing the modifications required in the ligand for improving 
selectivity. Their results led to identifying one of the very few catalytic systems that can 
create C-C, C-N and C-O bonds in substrates with a variety of electronic and steric 
proprieties, using a wide range of nucleophiles, in high yields and enantioselectivities 
(ee's up to 99%). Further studies on the Pd--allyl intermediates provided a deep 
understanding of the effect of ligand parameters on the origin of enantioselectivity. 
Potential applications of the new Pd-amino-phosphite catalysts were demonstrated by 
the synthesis of a range of chiral 5-, 6- and 7-carbocycles by simple tandem reactions 
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with no loss in the enantioselectivity. These results open up the asymmetric Pd-catalyzed 
allylic substitution of several substrate types with a wide range of nucleophiles to the 
potential effective use of readily available and highly modular amino-phosphite ligands. 
3.5.4. Experimental section 
3.5.4.1. General Considerations 
All reactions were carried out using standard Schlenk techniques under an atmosphere 
of argon. Solvents were purified and dried by standard procedures. Phosphorochloridites 
were easily prepared in one step from the corresponding biaryls.29 Enantiopure amino-
alcohol compounds 5-812 and oxazolidine 913 were prepared as previously described. 
Racemic substrates S1-S7 were prepared as previously reported.30 [Pd(3-1,3-Ph2-
C3H3)(-Cl)]31 and [Pd(3-cyclohexenyl)(-Cl)]232 were prepared as previously described. 
Carbocyclic compound 49 was prepared following the methodology described by Uozumi 
et al.33 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded using a 400 MHz 
spectrometer. Chemical shifts are relative to that of SiMe4 (1H and 13C) as internal 
standard or H3PO4 (31P) as external standard. 1H, 13C and 31P assignments were made on 
the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC experiments.  
3.5.4.2. Preparation and characterization details of N-dimethyl aminoalcohols 
5-8  
In a round-bottom flask, corresponding aminoalcohol (1-4) (10 mmol) was dissolved in 
distilled water (100 mL) and paraformaldehyde (20 eq.) was added followed by the 
addition of formic acid (20 eq., 85% v/v in water). The reaction was stirred at reflux for 
6 hours and NaOH (1M solution) was added to neutralise the reaction. Then, the aqueous 
solution was extracted with AcOEt (3 x 25 mL) and the organic phases were dried over 
MgSO4. Removal of organic solvent provided dimethyl aminoalcohols (5-8) as yellowish 
oils which were precipitated with hexane to provided compounds 5-8 as white solids.  
 
(1S,2R)-2-(Dimethylamino)-1-phenylpropan-1-ol (5): Yield: 1.63 g (91%); 1H 
NMR (CDCl3):  = 0.75 (d, 3H, CH3, 3JH-H= 6.4 Hz), 2.26 (s, 6H, CH3, NMe2), 2.45 (m, 
1H, CH-N), 4.86 (d, 1H, CH-O, 3JH-H= 3.6Hz), 7.15-7.26 (m, 4H, CH=); 13C NMR (CDCl3): 
= 10.2 (CH3), 43.2 (CH3, NMe2), 65.5 (CH-N), 72.3 (CH-O), 126.1 (CH=), 126.8 (CH=), 
128.1 (CH=), 141.9 (C).  
 
(1R,2R)-2-(Dimethylamino)-1-phenylpropan-1-ol (6): Yield: 1.63 g (90%); 1H 
NMR (CDCl3):  = 0.71 (d, 3H, CH3, 3JH-H= 6.4 Hz), 2.3 (s, 6H, CH3, NMe2), 2.55 (m, 1H, 
CH-N), 4.2 (d, 1H, CH-O, 3JH-H= 10 Hz), 7.34 (m, 4H, CH=); 13C NMR (CDCl3): = 6.3 
(CH3), 39.9 (CH3, NMe2), 65.9 (CH-N), 74.9 (CH-O), 127.3 (CH=), 127.6 (CH=), 128.2 
(CH=), 142.0 (C).  
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(R)-2-(Dimethylamino)-1-phenylethan-1-ol (7): Yield: 1.53 g (93%); 1H NMR 
(CDCl3):  = 2.34 (s, 6H, CH3, NMe2), 2.35-2.51 (m, 2H, CH2-N), 4.7 (dd, 1H, CH-O, 3JH-
H= 10.8 Hz, 3JH-H= 10.4 Hz), 7.37 (m, 4H, CH=); 13C NMR (CDCl3): = 45.3 (CH3, NMe2), 
67.6 (CH2-N), 69.6 (CH-O), 125.8 (CH=), 127.4 (CH=), 128.3 (CH=), 142.3 (C).  
 
(S)-2-(Dimethylamino)-2-phenylethan-1-ol (8): Yield: 1.56 g (95%); 1H NMR 
(CDCl3):  = 2.18 (s, 6H, CH3, NMe2), 3.0 (bs, OH), 3.55 (m, 1H, CH-N), 3.66 (m, 1H, 
CH2-O), 3.93 (m, 1H, CH2-O), 7.18-7.36 (m, 4H, CH=); 13C NMR (CDCl3): = 41.4 (CH3, 
NMe2), 61.3 (CH-N), 70.2 (CH2-O), 127.8 (CH=), 128.1 (CH=), 128.9 (CH=), 135.7 (C). 
 
3.5.4.3. Preparation and characterization details of oxazolidine 9 
Azeotropically dried p-TSA (450 mg, 0.5 mmol) was dissolved in toluene (50 mL). Then, 
ephedrine derivative 1 (1.65 g, 10 mmol) was added, followed by 2,2- 
dimethoxypropane (2.5 mL, 20 mmol). The resulting mixture was stirred 72 hours under 
reflux. The reaction mixture was quenched with NaHCO3. Aqueous layer was washed 
with CH2Cl2 (3 x 20 mL) and dried over MgSO4. Removal of organic solvent by rotary 
evaporator afforded yellow oil, which was dissolved in hexane. Filtration and evaporation 
of solvent provided (4R,5S)-2,2,3,4-tetramethyl-5-phenyloxazolidine 9 as a yellow-pale 
solid. Yield: 1.5 g (72%). 1H NMR (CDCl3):  = 1.1 (d, 3H, CH3, 3JH-H= 6.0 Hz), 1.33 (s, 
3H, CH3), 1.43 (s, 3H, CH3), 2.28 (s, 3H, CH3, NMe), 2.55 (m, 1H, CH-N), 4.46 (d, 1H, 
CH-O, 3JH-H= 9.2 Hz), 7.29-7.37 (m, 4H, CH=); 13C NMR (CDCl3): = 14.5 (CH3), 21.6 
(CH3), 27.7 (CH3), 32.8 (CH3, NMe), 65.1 (CH-N), 84.9 (CH-O), 95.2 (CMe2), 126.6 
(CH=), 127.8 (CH=), 128.3 (CH=), 139.9 (C). 
 
3.5.4.4. Preparation of (1S,2R)-2-(tert-butyl(methyl)amino)-1-phenylpropan-
1-ol 10 
Compound 9 (1g, 4.88 mmol) was dissolved in dry ether (20 mL). The solution was 
stirred in an ice-bath for 5 minutes. Then, MeMgBr (3 M in diethyl ether) (4.96 mL, 14.64 
mmol) was added dropwise. The solution was warmed up to reflux and the reaction was 
kept at that temperature for 8 hours. The reaction was quenched with saturated NH4Cl 
(20 mL) and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined 
organic layers were dried over MgSO4 and the removal of solvents provided 10 as a 
yellow-pale solid. Yield: 1.0 g (93%). 1H NMR (CDCl3):  = 0.94 (d, 3H, CH3, 3JH-H = 7.2 
Hz), 1.06 (s, 9H, tBu), 2.0 (s, 3H, CH3-N), 3.35 (m, 1H, CH-N), 4.50 (m, 1H, CH-O), 
7.21-7.32 (m, 4H, CH= ). 13C NMR (CDCl3): = 12.9 (CH3), 27.1 (CH3, tBu), 30.9 (CH3, 
NMe), 55.1 (C, tBu), 55.2 (CH-N), 75.3 (CH-O), 126.7 (CH=), 126.8 (CH=), 127.5 (CH=), 
143.1 (C). 
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3.5.4.5. Preparation of (1S,2R)-2-(methyl(2-phenylpropan-2-yl)amino)-1-
phenyl propan-1-ol 11 
Compound 9 (1g, 4.88 mmol) was dissolved in dry THF (20 mL). The solution was stirred 
in an ice-bath for 5 minutes. Then, PhMgBr (1.M in THF) (14.7 mL, 14.64 mmol) was 
added dropwise. Then, the reaction was warmed up to reflux and the reaction was kept 
at that temperature for 8 hours. The reaction was quenched with saturated NH4Cl (20 
mL) and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined organic 
layers were dried over MgSO4. The organic solvents were removed and the crude was 
purified by silica flash chromatography (AcOEt:light petroleum:NEt3 6:2:0.1) to afford 
11 as a white solid. Yield: 1.2 g (87%). 1H NMR (CDCl3):  = 0.95 (d, 3H, CH3, 3JH-H = 
7.1 Hz), 1.34 (s, 3H, CH3), 1.43 (s, 3H, CH3), 2.13 (s, 3H, CH3-N), 3.20 (m, 1H, CH-N), 
4.50 (d, 1H, CH-O, 3JH-H = 4.8 Hz), 7.10-7.38 (m, 10H, CH=). 13C NMR (CDCl3): = 11.7 
(CH3), 24.8 (CH3), 25.6 (CH3), 30.9 (CH3, NMe), 56.4 (C, CMe2Ph), 61.0 (CH-N), 77.6 
(CH-O), 126.2 (CH=), 126.3 (CH=), 126.4 (CH=), 126.8 (CH=), 127.7 (CH=), 127.9 
(CH=), 143.3 (C), 149.0 (C). 
3.5.4.6. General procedure for the preparation of amino-phosphite ligands L15-
L20a-g 
Phosphorochloridite (1.1 mmol) produced in situ was dissolved in toluene (5 mL) and 
pyridine (0.18 mL, 2.3 mmol) was added. Amino-alcohol (1 mmol) was azeotropically 
dried with toluene (3 x 1 mL) and then dissolved in toluene (5 mL), to which pyridine 
(0.18 mL, 2.3 mmol) was added. The phosphorochloridite solution was transferred slowly 
to the solution of amino-alcohol. The reaction mixture was stirred at room temperature 
for 90 minutes (ligands L15, L18-L20a-g) or 15 hours (ligands L16-L17a-g), and the 
pyridine salts were removed by filtration. Evaporation of the solvent gave a white foam, 
which was purified by flash chromatography in alumina (toluene/NEt3 100:1) to produce 
the corresponding ligand as white solid. 
 
L15a: Yield: 303 mg (49%). 31P NMR (C6D6): 150.5 (s). 1H NMR (C6D6):  = 0.98 (d, 
3H, CH3, 3JH-H = 6.8 Hz), 1.29 (s, 9H, CH3, tBu), 1.3 (s, 9H, CH3, tBu), 1.48 (s, 9H, CH3, 
tBu), 1.62 (s, 9H, CH3, tBu), 2.14 (s, 6H, CH3, NMe2), 2.59 (m, 1H, CH-N), 5.55 (dd, 1H, 
CH-O, 3JH-P= 8 Hz, 3JH-H = 4 Hz,), 7.03-7.25 (m, 7H, CH= ), 7.33 (d, 1H, CH=, 4JH-H = 2.4 
Hz), 7.37 (d, 1H, CH=, 4JH-H = 2.4 Hz), 7.58 (d, 1H, CH=, 4JH-H = 2.0 Hz), 7.61 (d, 1H, 
CH=, 4JH-H = 2.8Hz). 13C NMR (C6D6): = 8.4 (CH3), 28.8 (CH3,tBu), 28.9 (CH3, tBu), 29.9 
(CH3,tBu), 30.2 (CH3,tBu), 33.2 (C, tBu), 34.1 (C, tBu), 34.3 (C, tBu), 40.9 (CH3, NMe), 
41.0 (CH3, NMe), 64.7 (d, CH-N, 3JC-P= 9.2 Hz), 76.6 (d, CH-O, 2JC-P = 9.2 Hz), 122.6-
145.4 (aromatic carbons). TOF-MS (ESI+): m/z = 618.4101, calcd. for C39H56NO3P 
[M+H]+ : 618.4071. 
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L15b: Yield: 170 mg (30%). 31P NMR (C6D6): 150.2 (s). 1H NMR (C6D6):  = 1.00 (d, 
3H, CH3, 3JH-H = 6.4 Hz), 1.38 (s, 9H, CH3, tBu), 1.56 (s, 9H, CH3, tBu), 2.14 (s, 6H, CH3, 
NMe2), 2.57 (m, 1H, CH-N), 3.33 (s, 3H, CH3, OMe), 3.34 (s, 3H, CH3, OMe), 5.5 (dd, 
1H, CH-O, 3JH-P= 8.0 Hz, 3JH-H = 4.0 Hz), 6.67 (d, 1H, CH=, 4JH-H = 2.8 Hz), 6.72 (d, 1H, 
CH=, 4JH-H = 3.2 Hz), 7.01-7.26 (m, 7H, CH=). 13C NMR (C6D6): = 9.5 (CH3), 30.6 (CH3, 
tBu), 30.7 (CH3, tBu), 35.1(C, tBu), 35.2 (C, tBu), 41.9 (CH3, NMe), 42.1 (CH3, NMe), 
54.7 (CH3, OMe), 65.8 (CH-N), 77.6 (d, CH-O, 2JC-P = 9.9 Hz), 112.6-155.9 (aromatic 
carbons). TOF-MS (ESI+): m/z = 566.3028, calcd. for C33H44NO5P [M+H]+ : 566.3030. 
 
L15c: Yield: 194 mg (32%). 31P NMR (C6D6): 152.4 (s). 1H NMR (C6D6): = 0.33 (s, 
9H, CH3-Si), 0.44 (s, 9H, CH3-Si), 0.95 (d, 3H, CH3, 3JH-H = 6.8 Hz), 2.10 (s, 6H, CH3, 
NMe2), 2.68 (m, 1H, CH-N), 5.45 (dd, 1H, CH-O, 3JH-P= 8.8 Hz, 3JH-H = 5.6 Hz), 7.03-
7.46 (m, 11H, CH=). 13C NMR (C6D6): = 0.0 (CH3-Si), 0.1 (CH3-Si), 9.7 (CH3), 42.1 
(CH3, NMe2), 65.8 (d, CH-N, 3JC-P= 2.3 Hz), 78.1 (d, CH-O, 2JC-P = 4.8 Hz), 124.7-155.2 
(aromatic carbons). TOF-MS (ESI+): m/z = 538.2354, calcd. for C29H40NO3PSi2 [M+H]+ : 
538.2357. 
 
L15d: Yield: 188 mg (32%). 31P NMR (C6D6): 141.1 (s). 1H NMR (C6D6): = 1.12 (d, 
3H, CH3, 3JH-H = 7.2 Hz), 1.46 (s, 9H, CH3, tBu), 1.63 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 
2.05 (s, 3H, CH3), 2.14 (s, 3H, CH3), 2.15 (s, 3H, CH3), 2.16 (s, 6H, CH3, NMe2), 2.82 
(m, 1H, CH-N), 5.4 (dd, 1H, CH-O, 3JH-P= 8.0 Hz, 3JH-H = 5.6 Hz), 7.0-7.3 (m, 7H, CH= ). 
13C NMR (C6D6): = 8.1 (CH3), 15.1 (CH3), 15.3 (CH3), 19.0 (CH3), 19.1 (CH3), 29.9 (d, 
CH3, tBu, JC-P= 5.4 Hz), 30.4 (CH3, tBu), 33.2 (C, tBu), 33.7 (C, tBu), 40.5 (CH3, NMe), 
40.6 (CH3, NMe), 63.9 (d, CH-N, 3JC-P= 6.1 Hz), 77.3 (d, CH-O, 2JC-P = 6.2 Hz), 124.3-
144.6 (aromatic carbons). TOF-MS (ESI+): m/z = 562.3452, calcd. for C35H48NO3P 
[M+H]+: 562.3445. 
 
L15e: Yield: 182 mg (31%). 31P NMR (C6D6): 144.9 (s). 1H NMR (C6D6):  = 0.78 (d, 
CH3, 3H, 3JH-H = 6.4 Hz), 1.41 (s, 9H, CH3, tBu), 1.59 (s, 9H, CH3, tBu), 1.66 (s, 3H, CH3), 
1.72 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.11 (s, 6H, CH3, NMe2), 2.37 
(m, 1H, CH-N), 5.41 (dd, 1H, CH-O, 3JH-P= 8.0 Hz, 3JH-H = 4.0 Hz), 6.95-7.22 (m, 7H, 
CH=). 13C NMR (C6D6): = 9.7 (CH3), 16.2 (CH3), 16.4 (CH3), 20.0 (CH3), 20.1(CH3), 
30.9 (d, CH3, tBu, JC-P= 4.6 Hz), 31.2 (CH3, tBu), 34.5 (C, tBu), 34.7 (C, tBu), 42.0 (CH3, 
NMe), 42.3 (CH3, NMe), 62.2 (CH-N), 77.2 (d, CH-O, 2JC-P = 10.7 Hz), 125.3-146.2 
(aromatic carbons). TOF-MS (ESI+): m/z = 562.3448, calcd. for C35H48NO3P [M+H]+: 
562.3445. 
 
L15f: Yield: 439 mg (69%). 31P NMR (C6D6): 155.8 (s). 1H NMR (C6D6): = 0.40 (s, 
9H, CH3, SiMe3), 0.51 (s, 9H, CH3, SiMe3), 0.72 (d, CH3, 3H, 3JH-H = 6.8 Hz), 1.96 (s, 6H, 
CH3, NMe2), 2.50 (m, 1H, CH-N), 5.43 (dd, 1H, CH-O, 3JH-P= 8.4 Hz, 3JH-H = 4.8 Hz), 6.82-
7.4 (m, 5H, CH=), 7.4 (d, 1H, CH=, 3JH-H = 8.4Hz), 7.70 (d, 1H, CH=, 3JH-H = 8.0 Hz), 
7.8 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.1 (s, 1H, CH=), 7.9 (s, 1H, CH=). 13C NMR (C6D6): 
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= -0.4 (d, CH3, SiMe3, JC-P= 4.6 Hz), -0.1 (CH3, SiMe3), 9.3 (CH3), 41.8 (CH3, NMe2), 
66.0 (CH-N), 77.5 (d, CH-O, 2JC-P = 5.3 Hz), 122.8-152.6 (aromatic carbons). TOF-MS 
(ESI+): m/z = 638.2673, calcd. for C37H44NO3PSi2 [M+H]+: 638.2670. 
 
L15g: Yield: 400 mg (63%). 31P NMR (C6D6): 148.5 (s). 1H NMR (C6D6): = 0.51 (s, 
9H, CH3, SiMe3), 0.52 (s, 9H, CH3, SiMe3), 1.09 (d, 3H, CH3, 3JH-H = 6.4 Hz), 2.05 (s, 6H, 
CH3, NMe2), 2.87 (m, 1H, CH-N), 5.35 (dd, 1H, CH-O, 3JH-P= 8.4 Hz, 3JH-H = 6.5 Hz), 6.7-
7.3 (m, 6H, CH=), 7.68 (m, 2H, CH=), 7.95 (s, 1H; CH=), 8.05 (s, 1H, CH=). 13C NMR 
(C6D6): = -0.2 (d, CH3, SiMe3, JC-P = 4.6 Hz), -0.1 (CH3, SiMe3), 9.2 (CH3), 41.3 (CH3, 
NMe2), 64.3 (d, CH-N, 3JC-P= 4.6 Hz), 78.9 (d, CH-O, 2JC-P = 2.3 Hz), 122.4-152.3 
(aromatic carbons). TOF-MS (ESI+): m/z = 638.2669, calcd. for C37H44NO3PSi2 [M+H]+ : 
638.2670. 
 
L16a: Yield: 330 mg (50%). 31P NMR (C6D6): 148.4 (s). 1H NMR (C6D6): 0.83 (s, 
9H, CH3, tBu, NtBu), 1.21 (d, 3H, CH3, 3JH-H= 6.4 Hz), 1.31 (s, 9H, CH3, tBu), 1.33 (s, 9H, 
CH3, tBu), 1.56 (s, 9H, CH3, tBu), 1.61 (s, 9H, CH3, tBu), 2.11 (s, 3H, NMe), 3.4 (m, 1H, 
CH-N), 5.25 (m, 1H, CH-O), 7.0-7.2 (m, 6H, CH=), 7.37 (m, 2H, CH=), 7.60 (d, 1H, 
CH=, 4JH-H= 2Hz). 13C NMR (C6D6):  12.8 (CH3), 26.8 (CH3, tBu), 29.3 (NMe), 31.0 
(CH3, tBu), 31.1 (CH3, tBu), 31.2 (CH3, tBu), 31.3 (CH3, tBu), 34.3 (C, tBu), 35.2 (C, tBu), 
35.3 (C, tBu), 54.1 (C, tBu, NtBu), 56.6 (d, CH-N, 3JC-P = 3.1 Hz), 81.3 (d, CH-O, 2JC-P= 
5.43 Hz), 123.8-146.7 (aromatic carbons). TOF-MS (ESI+): m/z = 660.5438, calcd. for 
C42H62NO3P [M+H]+ : 660.4540. 
 
L16d: Yield: 422.6 mg (70%). 31P NMR (C6D6): 141.1 (s). 1H NMR (C6D6): 0.84 (s, 
9H, CH3, tBu, NtBu), 2.15 (d, 3H, CH3, 3JH-H= 6.4 Hz), 1.51 (s, 9H, CH3, tBu), 1.63 (s, 9H, 
CH3, tBu), 1.69 (s, 3H, CH3), 1.71 (s, 3H, CH3,) , 2.04 (s, 3H, CH3), 2.11 (s, 3H, CH3), 
2.16 (s, 3H, NMe),  3.4 (m, 1H, CH-N), 5.1 (m, 1H, CH-O),  7.0-7.3 (m, 7H, CH=). 13C 
NMR (C6D6):  12.7 (CH3), 16.1 (CH3), 16.3 (CH3), 20.0 (CH3), 20.1 (CH3), 26.8 (CH3, 
tBu), 29.4 (NMe), 31.1 (d, CH3, tBu, JC-P = 5.3 Hz), 31.4 (CH3, tBu), 34.4(C, tBu), 34.7 
(C, tBu), 54.2 (C, tBu, NtBu), 56.4 (d, CH-N, 3JC-P = 5.6 Hz), 81.6 (d, CH-O, 2JC-P= 3.0 
Hz), 125.3-145.6 (aromatic carbons). TOF-MS (ESI+): m/z = 604.3917, calcd. for 
C39H56NO3P [M+H]+ : 604.3914. 
 
L16e: Yield: 392 mg (65%). 31P NMR (C6D6): 142.9 (s). 1H NMR (C6D6): 0.60 (s, 
9H, CH3, tBu, NtBu), 1.0 (d, 3H, CH3, 3JH-H= 6.8 Hz),  1.51 (s, 9H, CH3, tBu), 1.60 (s, 
9H,CH3, tBu), 1.66 (s, 3H, CH3), 1.75 (s, 3H, CH3,) , 1.95 (s, 3H, NMe), 2.0 (s, 3H, CH3), 
2.1 (s, 3H, CH3), 3.2 (m, 1H, CH-N ), 5.0 (m, 1H, CH-O),  7.0-7.45 (m, 7H, CH=). 13C 
NMR (C6D6):  13.8 (CH3), 16.2 (CH3), 16.4 (CH3), 20.0 (CH3), 20.1 (CH3), 26.8 (CH3, 
tBu), 28.7 (NMe), 31.2 (d, CH3, tBu, JC-P = 5.4 Hz), 31.6 (CH3, tBu), 34.5 (C, tBu), 34.8 
(C, tBu), 53.7 (C, tBu, NtBu), 56.7 (d, CH-N, 3JC-P = 2.3 Hz), 80.3 (d, CH-O, 2JC-P= 5.3 
Hz), 125.9-145.6 (aromatic carbons). TOF-MS (ESI+): m/z = 604.3912, calcd. for 
C39H56NO3P [M+H]+ : 604.3914. 
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L17a: Yield: 262 mg (37%). 31P NMR (C6D6): 148.90 (s). 1H NMR (C6D6):  1.01 (d, 
3H, CH3, 3JH-H= 6.8 Hz), 1.09 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.28 (s, 9H, CH3, tBu), 
1.39 (s, 9H, CH3, tBu), 1.55 (s, 9H, CH3, tBu), 1.86 (s, 9H, CH3, tBu), 2.2 (s, 3H, NMe), 
3.2 (m, 1H, CH-N), 5.4 (dd, 1H, CH-O, 3JH-P= 9.6 Hz, 3JH-H = 4.4 Hz), 7.0-7.4 (m, 12H, 
CH=), 7.58 (d, 1H, CH=, 4JH-H = 2.8 Hz), 7.62 (d, 1H, CH=, 4JH-H = 2.8 Hz). 13C NMR 
(C6D6):  9.9 (CH3), 22.3 (CH3), 25.2 (CH3), 28.9 (NMe), 29.9 (CH3, tBu), 30.0 (CH3, 
tBu), 30.1 (CH3, tBu), 30.2 (CH3, tBu), 33.2 (C, tBu), 34.2(C, tBu), 34.3 (C, tBu), 56.4 (d, 
CH-N, 3JC-P = 3.8 Hz), 59.8 (C, N-CMe2Ph), 81.2 (d, CH-O, 2JC-P = 6.9 Hz), 122.7-148.7 
(aromatic carbons). TOF-MS (ESI+): m/z = 722.4694, calcd. for C47H64NO3P [M+H]+ : 
722.4697. 
 
L17d: Yield: 244 mg (37%). 31P NMR (C6D6): 143.4 (s). 1H NMR (C6D6):  1.01 (d, 
3H, CH3, 3JH-H= 6.9 Hz), 1.03, (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.59 (s, 9H, CH3, tBu), 
1.65 (s, 9H, CH3, tBu), 1.71 (s, 3H, CH3), 1.8 (s, 3H, CH3), 1.91 (s, 3H, NMe), 2.06 (s, 
3H, CH3), 2.14 (s, 3H, CH3), 3.3 (m, 1H, CH-N), 5.3 (m, 1H, CH-O), 7.0-7.3 (m, 12H, 
CH=). 13C NMR (C6D6):  10.9 (CH3), 15.2 (CH3), 15.4 (CH3), 19.0 (CH3) 23.4 (CH3), 
24.7 (CH3), 28.2 (NMe), 30.2 (d, CH3, tBu, JC-P= 5.3 Hz), 30.5 (CH3, tBu), 33.4 (C, tBu), 
33.7 (C, tBu), 56.3 (d, CH-N, 3JC-P= 2.3 Hz), 59.4 (C, N-CMe2Ph), 80.7 (d, CH-O, 2JC-P = 
6.1 Hz), 124.3-148.8 (aromatic carbons). TOF-MS (ESI+): m/z = 666.4068, calcd. for 
C43H56NO3P [M+H]+ : 666.4071. 
 
L17e: Yield: 331.0 mg (50%). 31P NMR (C6D6): 148.90 (s). 1H NMR (C6D6):  1.02 
(d, 3H, CH3, 3JH-H= 6.8 Hz), 1.03 (s, 3H, CH3), 1.16 (s, 3H, CH3), 1.59 (s, 9H, CH3, tBu), 
1.65 (s, 9H, CH3, tBu), 1.71 (s, 3H, CH3), 1.79 (s, 3H, CH3), 2.01 (s, 3H, CH3, NMe), 
2.06 (s, 3H, CH3), 2.15 (s, 3H, CH3), 3.31 (m, 1H, CH-N), 5.3 (m, 1H, CH-O), 7.0-7.4 
(m, 12H, CH=). 13C NMR (C6D6):  11.9 (CH3), 16.2 (CH3), 16.5 (CH3), 20.1 (CH3) 24.6 
(CH3), 25.7 (CH3), 29.2 (NMe), 31.2 (d, CH3, tBu, JC-P= 5.3 Hz), 31.5 (CH3, tBu), 34.5 (C, 
tBu), 34.8(C, tBu), 57.3 (CH-N), 60.5 (C, N-CMe2Ph), 81.7 (d, CH-O, 2JC-P = 6.1 Hz), 
125.3-149.9 (aromatic carbons). TOF-MS (ESI+): m/z = 666.4072, calcd. for C43H56NO3P 
[M+H]+ : 666.4071. 
 
L18a: Yield: 276 mg (43%). 31P NMR (C6D6): 148.4 (s). 1H NMR (C6D6): 0.47 (d, 
3H, CH3, 3JH-H = 6.8 Hz), 1.24 (s, 9H, CH3, tBu), 1.25 (s, 9H, CH3, tBu), 1.35 (s, 9H, CH3, 
tBu), 1.62 (s, 9H, CH3, tBu), 2.09 (s, 6H, CH3, NMe2), 2.78 (m, 1H, CH-N), 5.06 (dd, 1H, 
CH-O, 3JH-P = 8 Hz, 3JH-H = 4 Hz), 6.9-7.1 (m, 7H, CH=), 7.27 (d, 1H, CH=, 4JH-H = 2.4 
Hz), 7.33 (d, 1H, CH=, 4JH-H = 2.8 Hz), 7.46 (d, 1H, CH=, 4JH-H = 2.4 Hz), 7.57 (d, 1H, 
CH=, 4JH-H = 2.4 Hz). 13C NMR (C6D6):  7.9 (CH3), 30.9 (CH3,tBu), 31.1 (CH3, tBu), 31.2 
(CH3, tBu), 31.3 (CH3, tBu), 33.2 (C, tBu), 34.3 (C, tBu), 40.9 (CH3, NMe), 41.0 (CH3, 
NMe), 64.7 (d, CH-N, 3JC-P= 1.5 Hz), 76.6 (d, CH-O, 2JC-P = 9.2Hz), 123.6-145.8 (aromatic 
carbons). TOF-MS (ESI+): m/z = 618.4070, calcd. for C39H56NO3P [M+H]+ : 618.4071. 
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L18d: Yield: 344 mg (61%). 31P NMR (C6D6): 139.0 (s). 1H NMR (C6D6):  0.62 (d, 
3H, CH3, 3JH-H = 7.2 Hz), 1.48 (s, 9H, CH3, tBu), 1.6 (s, 9H, CH3, tBu), 1.66 (s, 3H, CH3), 
1.67 (s, 3H, CH3), 2.04 (s, 3H, CH3),  2.1 (s, 3H, CH3), 2.15 (s, 6H, CH3, NMe2), 3.0 (m, 
1H, CH-N), 5.1 (dd, 1H, CH-O, 3JH-H = 5.6 Hz, 3JH-P= 8.0 Hz), 6.9-7.2 (m, 7H, CH=). 13C 
NMR (C6D6): 7.4 (CH3), 15.1 (CH3), 15.3 (CH3), 19.0 (CH3), 30.0 (d, CH3, tBu, JC-P= 
5.4 Hz), 30.4 (CH3, tBu), 33.3 (C, tBu), 33.7 (C, tBu), 40.1 (CH3, NMe), 40.2 (CH3, NMe), 
63.9 (d, CH-N, 3JC-P= 3.8 Hz), 77.6 (d, CH-O, 2JC-P = 10.7 Hz), 126.3-144.6 (aromatic 
carbons). TOF-MS (ESI+): m/z = 562.3440, calcd. for C35H48NO3P [M+H]+: 562.3445. 
 
L18e: Yield: 324 mg (58%). 31P NMR (C6D6): 144.7 (s). 1H NMR (C6D6):  0.4 (d, 
3H, CH3, 3JH-H = 7.2 Hz), 1.29 (s, 9H, CH3, tBu), 1.67 (s, 9H, CH3, tBu), 1.68 (s, 3H, CH3), 
1.72 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.11 (s, 6H, CH3, NMe2), 2.65 
(m, 1H, CH-N), 4.95 (m, 1H, CH-O), 7.05-7.25 (m, 7H, CH=). 13C NMR (C6D6):  7.5 
(CH3), 16.2 (CH3), 16.3 (CH3), 19.9 (CH3), 20.1 (CH3), 30.9 (d , CH3, tBu, JC-P= 4.6 Hz), 
31.4 (CH3, tBu), 34.5 (C, tBu), 34.6 (C, tBu), 42.0 (CH3, NMe), 42.3 (CH3, NMe), 64.8 
(CH-N), 78.7 (d, CH-O, 2JC-P = 13.9 Hz), 127.3-146.7 (aromatic carbons). TOF-MS 
(ESI+): m/z = 562.3442, calcd. for C35H48NO3P [M+H]+: 562.3445. 
 
L18f: Yield: 467 mg (73%). 31P NMR (C6D6): 143.7 (s). 1H NMR (C6D6): 0.47 (s, 
9H, CH3, SiMe3) , 0.52 (s, 9H, CH3, SiMe3), 0.64 (d, 3H, CH3, 3JH-H = 6.8 Hz), 2.02 (s, 
6H, CH3, NMe2), 3.0 (m, 1H, CH-N), 5.1 (dd, 1H, CH-O, 3JH-H = 6.8 Hz; 3JH-P= 10.4 Hz), 
6.82-7.27 (m, 5H, CH= ), 7.7 (m, 2H, CH=), 8.0 (s, 1H, CH=), 8.1 (s, 1H, CH=). 13C 
NMR (C6D6):  -0.0 (CH3, SiMe3), 9.11 (CH3), 41.4 (CH3, NMe2), 63.9 (d, CH-N, 3JC-P= 
3.1 Hz), 78.7 (CH-O), 122.0-152.8 (aromatic carbons). TOF-MS (ESI+): m/z = 638.2665, 
calcd. for C37H44NO3PSi2 [M+H]+ : 638.2670. 
 
L18g: Yield: 666 mg (95%). 31P NMR (C6D6): 151. (s). 1H NMR (C6D6): 0.4 (s, 9H, 
CH3, SiMe3), 0.47 (s, 9H, CH3, SiMe3), 0.55 (d, 3H, CH3, 3JH-H = 6.8 Hz), 1.85 (s, 6H, CH3, 
NMe2), 2.57 (m, 1H, CH-N), 5.2 (m, 1H, CH-O), 6.79-7.16 (m, 9H, CH=), 7.19 (d, 1H, 
CH=, 4JH-H = 8 Hz), 7.32 (d, 1H, CH=, 4JH-H = 8 Hz), 7.66 (d, 1H, CH=, 4JH-H = 8.8 Hz), 
7.73 (d, 1H, CH=, 4JH-H = 8.4 Hz), 8.0 (s, 2H, CH=). 13C NMR (C6D6):  -0.3 (d, 9H, 
CH3, SiMe3, JC-P = 4.6 Hz), -0.1 (SiMe3), 9.1 (CH3), 41.2 (CH3, NMe2), 64.2 (CH-N), 78.4 
(d, CH-O, 2JC-P = 2.3 Hz), 122.6-152.9 (aromatic carbons). TOF-MS (ESI+): m/z = 
638.2669, calcd. for C37H44NO3PSi2 [M+H]+ : 638.2670. 
 
L19d: Yield: 362 mg (64%). 31P NMR (C6D6): 143.7 (s). 1H NMR (C6D6):  1.51 (s, 
9H, CH3, tBu), 1.76 (s, 9H, CH3, tBu), 1.82 (s, 3H, CH3), 1.89 (s, 3H, CH3), 2.17 (s, 6H, 
CH3, NMe2), 2.23 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.30 (dd, 1H, CH2, 2JH-H = 12.4 Hz,3JH-
H = 5.6 Hz), 2.73 (dd, 1H, CH2, 2JH-H = 12.4 Hz,3JH-H = 6 Hz), 5.33 (m, 1H, CH-O), 7.13-
7.4 (m, 7H, CH=). 13C NMR (C6D6): 16.1 (CH3), 16.4 (CH3), 20.0 (CH3), 20.1 (CH3), 
30.9 (d, CH3,tBu, JC-P= 4.6 Hz), 31.3 (CH3, tBu), 34.5 (C, tBu), 34.6 (C, tBu), 45.5 (CH3, 
NMe), 45.6 (CH3, NMe), 67.6 (CH2-N), 75.2 (d, CH-O, 2JC-P = 13.6 Hz), 125.3-146.3 
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(aromatic carbons). TOF-MS (ESI+): m/z = 548.3287, calcd. for C34H46NO3P [M+H]+ : 
548.3288. 
 
L19e: Yield: 362 mg (64%). 31P NMR (C6D6): 138.1 (s). 1H NMR (C6D6):  1.44 (s, 
9H, CH3, tBu), 1.46 (s, 9H, CH3, tBu), 1.65 (s, 3H, CH3), 1.72 (s, 3H, CH3), 1.98 (s, 6H, 
CH3, NMe2 ), 2.07 (s, 3H, CH3), 2.1(s, 3H, CH3), 2.43 (dd, 1H, CH2, 2JH-H = 12.4 Hz,3JH-H 
= 5.6 Hz), 2.85 (dd, 1H, CH2, 2JH-H = 12.4 Hz, 3JH-H = 6 Hz), 5.1 (m, 1H, CH-O), 6.95-
7.19 (m, 7H, CH=). 13C NMR (C6D6):  16.1 (CH3), 16.3 (CH3), 20.0 (CH3), 20.1 (CH3), 
30.9 (d, CH3, tBu, JC-P= 5.3 Hz), 31.3 (CH3, tBu), 34.3 (C, tBu), 34.6 (C, tBu), 45.6 (CH3, 
NMe2), 66.7 (d, CH2-N, 2JC-P = 3.8 Hz), 75.2 (d, CH-O, 2JC-P = 8.4 Hz), 125.3-145.8 
(aromatic carbons). TOF-MS (ESI+): m/z = 548.3287, calcd. for C34H46NO3P [M+H]+ : 
548.3288. 
 
L20d: Yield: 362 mg (64%). 31P NMR (C6D6): 129.7 (s). 1H NMR (C6D6):  1.48 (s, 
9H, CH3, tBu), 1.53 (s, 9H, CH3, tBu), 1.64 (s, 3H, CH3), 1.72 (s, 3H, CH3), 2.02 (s, 3H, 
CH3), 2.02 (s, 3H, CH3), 2.04 (s, 6H, CH3, NMe2), 3.4 (m, 1H, CH-N), 3.6 (m, 1H, CH2-
O), 4.3 (m, 1H, CH2-O), 6.95-7.2 (m, 7H, CH=). 13C NMR (C6D6):  16.1 (CH3), 16.3 
(CH3), 20.0 (CH3), 20.1 (CH3), 30.9 (CH3, tBu), 31.2 (d, CH3, tBu, JC-P= 5.3 Hz), 34.4 (C, 
tBu), 34.5 (C, tBu), 42.9 (CH3, NMe2), 66.4 (CH2-O), 70.6 (d, CH-N, 2JC-P = 3.0 Hz), 
125.3-146.1(aromatic carbons). TOF-MS (ESI+): m/z = 548.3489, calcd. for C34H46NO3P 
[M+H]+ : 548.3288. 
 
L20e: Yield: 362 mg (64%). 31P NMR (C6D6): 131.1 (s). 1H NMR (C6D6):  1.46 (s, 
9H, CH3, tBu), 1.55 (s, 9H, CH3, tBu), 1.64 (s, 3H, CH3), 1.71 (s, 3H, CH3), 2.02 (s, 3H, 
CH3), 2.03 (s, 3H, CH3), 2.06 (s, 6H, CH3, NMe2), 3.6 (m, 1H, CH-N), 3.8 (m, 1H, CH2-
O), 4.0 (m, 1H, CH2-O), 6.95-7.2 (m, 7H, CH=). 13C NMR (C6D6):  16.1 (CH3), 16.3 
(CH3), 20.0 (CH3), 20.1 (CH3), 30.9 (CH3, tBu), 31.2 (d, CH3, tBu, JC-P= 5.3 Hz), 34.5 (C, 
tBu), 34.6 (C, tBu), 42.9 (CH3, NMe2), 66.1 (CH2-O), 70.6 (d, CH-N, 2JC-P = 2.3 Hz), 
125.3-146.1 (aromatic carbons). TOF-MS (ESI+): m/z = 548.3287, calcd. for C34H46NO3P 
[M+H]+ : 548.3288. 
 
3.5.4.7. General procedure for the preparation of [Pd(3-allyl)(P-N)]BF4 
complexes 50-54 
The corresponding ligand (0.05 mmol) and the complex [Pd(-Cl)(3-1,3-allyl)]2 (0.025 
mmol) were dissolved in CD2Cl2 (1.5 mL) at room temperature under argon. AgBF4 (9.8 
mg, 0.05 mmol) was added after 30 minutes and the mixture was stirred for 30 minutes. 
The mixture was then filtered over celite under argon and the resulting solutions were 
analyzed by NMR. After the NMR analysis, the complexes were precipitated as pale yellow 
solids by adding hexane.  
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[Pd(3-1,3-diphenylallyl)(L18d)]BF4 (50). Isomer endo (77%): 31P NMR (CD2Cl2, 
298 K),  136.8 (s, 1P). 1H NMR (CD2Cl2, 298 K),  0.50 (d, 3H, CH3, 3JH-H= 6.8 Hz), 
1.22 (s, 9H, CH3, tBu), 1.47 (s, 3H, CH3-Ar), 1.66 (s, 3H, CH3-Ar), 1.71 (s, 9H, CH3, tBu), 
2.13 (s, 3H, CH3-Ar), 2.29 (s, 3H, CH3-Ar), 2.75 (s, 3H, CH3-N), 2.76 (s, 3H, CH3-N), 
3.19 (m, 1H, CH-N), 5.35 (dd, 1H, CH allyl trans to N, 3JH-H= 12.0 Hz, 3JH-P= 4.4 Hz), 
5.64 (dd, 1H, CH allyl trans to P, 3JH-H= 12.0 Hz, 3JH-P= 16.4 Hz), 5.79 (dd, 1H, CH-O, 
3JH-H= 4.8 Hz, JC-P= 7.2 Hz), 6.68 (m, 1H, CH allyl central), 6.9-7.8 (m, 17H, CH=). 13C 
NMR (CD2Cl2, 298 K),  10.4 (CH3), 16.7 (CH3, Ar), 16.8 (CH3, Ar), 20.5 (CH3, Ar), 20.7 
(CH3, Ar), 32.0 (CH3, tBu), 32.3 (CH3, tBu), 35.0-35.8 (C, tBu), 42.9 (CH3-N), 48.6 (CH3-
N), 73.5 (CH-N), 79.2 (d, CH allyl trans to N, JC-P= 8.3 Hz), 84.6 (d, CH-O, JC-P= 11.5 
Hz), 105.3 (d, CH allyl trans to P, JC-P= 33.8 Hz), 114.8 (d, CH allyl central, JC-P= 12.2 
Hz), 123-145 (aromatic carbons). Isomer exo (23%): 31P NMR (CD2Cl2, 298 K),  132.9 
(s, 1P). 1H NMR (CD2Cl2, 298 K),  0.50 (d, 3H, CH3, 3JH-H= 6.8 Hz), 0.91 (s, 9H, CH3, 
tBu), 1.59 (s, 3H, CH3-Ar), 1.74 (s, 3H, CH3-Ar), 1.79 (s, 9H, CH3, tBu), 2.17 (s, 6H, CH3-
N and CH3-Ar), 2.21 (s, 3H, CH3-N), 2.43 (s, 3H, CH3-Ar), 3.10 (m, 1H, CH-N), 4.50 (m, 
1H, CH allyl trans to N), 5.22 (m, 1H, CH-O), 5.45 (m, 1H, CH allyl trans to P), 6.59 (m, 
1H, CH allyl central), 6.9-7.8 (m, 17H, CH=). 13C NMR (CD2Cl2, 298 K), 10.1 (CH3), 
17.1 (CH3, Ar), 17.3 (CH3, Ar), 20.4 (CH3, Ar), 20.8 (CH3, Ar), 31.9 (CH3, tBu), 32.8 (CH3, 
tBu), 35.0-35.8 (C, tBu), 38.8 (CH3-N), 50.5 (CH3-N), 71.8 (d, CH allyl trans to N, JC-P= 
9.2 Hz), 72.1 (CH-N), 84.0 (d, CH-O, JC-P= 9.1 Hz), 99.3 (d, CH allyl trans to P, JC-P= 
33.0 Hz), 113.4 (d, CH allyl central, JC-P= 14.0 Hz), 123-145 (aromatic carbons). Anal. 
calcd (%) for C50H61BF4NO3PPd: C 63.33, H 6.48, N 1.48; found: C 63.12, H 6.43, N 1.45. 
 
[Pd(3-1,3-diphenylallyl)(L18e)]BF4 (51). Isomer endo (17%): 31P NMR (CD2Cl2, 
298 K),  129.8 (s, 1P). 1H NMR (CD2Cl2, 298 K),  0.43 (d, 3H, CH3, 3JH-H= 6.8 Hz), 
1.33 (s, 9H, CH3, tBu), 1.66 (s, 3H, CH3-Ar), 1.74 (s, 9H, CH3, tBu), 1.84 (s, 3H, CH3-N), 
2.14 (s, 3H, CH3-Ar), 2.23 (s, 3H, CH3-Ar), 2.26 (s, 3H, CH3-N), 2.40 (s, 3H, CH3-Ar), 
3.40 (m, 1H, CH-N), 3.72 (dd, 1H, CH allyl trans to N, 3JH-H= 10.2 Hz, 3JH-P= 6.8 Hz), 
4.40 (m, 1H, CH allyl trans to P), 5.54 (m, 1H, CH-O), 6.60 (m, 1H, CH allyl central), 
6.8-7.8 (m, 17H, CH=). 13C NMR (CD2Cl2, 298 K),  10.8 (CH3), 16.7 (CH3, Ar), 17.0 
(CH3, Ar), 20.5 (CH3, Ar), 20.6 (CH3, Ar), 32.2 (d, CH3, tBu, JC-P= 6.3 Hz), 32.5 (CH3, 
tBu), 35.0-35.8 (C, tBu), 43.0 (CH3-N), 49.1 (CH3-N), 67.3 (d, CH allyl trans to N, JC-P= 
12.8 Hz), 68.7 (CH-N), 84.9 (CH-O), 108.6 (d, CH allyl trans to P, JC-P= 32.4 Hz), 114.5 
(d, CH allyl central, JC-P= 12.4 Hz), 127-145 (aromatic carbons). Isomer exo (83%): 31P 
NMR (CD2Cl2, 298 K),  128.7 (s, 1P). 1H NMR (CD2Cl2, 298 K),  0.54 (d, 3H, CH3, 
3JH-H= 7.2 Hz), 1.34 (s, 9H, CH3, tBu), 1.62 (s, 3H, CH3-Ar), 1.78 (s, 9H, CH3, tBu), 2.11 
(s, 3H, CH3-Ar), 2.19 (s, 3H, CH3-Ar), 2.40 (s, 3H, CH3-N), 2.42 (s, 3H, CH3-Ar), 2.61 
(s, 3H, CH3-N), 3.16 (m, 1H, CH-N), 4.40 (m, 1H, CH allyl trans to N), 5.03 (m, 1H, CH-
O), 5.73 (m, 1H, CH allyl trans to P), 6.60 (m, 1H, CH allyl central), 6.9-7.8 (m, 17H, 
CH=). 13C NMR (CD2Cl2, 298 K),  9.7 (CH3), 16.9 (CH3, Ar), 17.3 (CH3, Ar), 20.5 (CH3, 
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Ar), 20.7 (CH3, Ar), 32.0 (CH3, tBu), 32.6 (CH3, tBu), 35.0-35.8 (C, tBu), 42.9 (CH3-N), 
48.8 (CH3-N), 67.5 (d, CH allyl trans to N, JC-P= 12.6 Hz), 69.4 (CH-N), 81.4 (CH-O), 
110.6 (d, CH allyl trans to P, JC-P= 30.6 Hz), 113.5 (d, CH allyl central, JC-P= 13.8 Hz), 
123-145 (aromatic carbons). Anal. calcd (%) for C50H61BF4NO3PPd: C 63.33, H 6.48, N 
1.48; found: C 63.02, H 6.43, N 1.44. 
 
[Pd(3-1,3-diphenylallyl)(L19e)]BF4 (52). Isomer endo (33%): 31P NMR (CD2Cl2, 
298 K),  132.7 (s, 1P). 1H NMR (CD2Cl2, 298 K),  1.45 (s, 9H, CH3, tBu), 1.68 (s, 
3H, CH3-Ar), 1.71 (s, 3H, CH3-Ar), 1.73 (s, 9H, CH3, tBu), 2.11 (s, 3H, CH3-Ar), 2.30 (s, 
3H, CH3-Ar), 2.32 (s, 3H, CH3-N), 2.42 (m, 1H, CH2), 2.70 (s, 3H, CH3-N), 3.56 (dd, 1H, 
CH2, 3JH-H= 10.0 Hz, 3JH-P= 14.4 Hz), 4.49 (m, 1H, CH allyl trans to N), 4.84 (m, 1H, CH 
allyl trans to P), 5.23 (m, 1H, CH-O), 6.19 (m, 1H, CH allyl central), 6.7-7.8 (m, 17H, 
CH=). 13C NMR (CD2Cl2, 298 K),  16.5 (CH3, Ar), 16.7 (CH3, Ar), 20.0 (CH3, Ar), 20.1 
(CH3, Ar), 31.9 (CH3, tBu), 32.4 (d, CH3, tBu, JC-P= 4.6 Hz), 34.4-35.3 (C, tBu), 48.7 
(CH3-N), 54.3 (CH3-N), 69.8 (m, CH allyl trans to N), 70.9 (CH2), 74.8 (CH-O), 93.8 (d, 
CH allyl trans to P, JC-P= 39.7 Hz), 114.1 (d, CH allyl central, JC-P= 12.2 Hz), 125-146 
(aromatic carbons). Isomer exo (67%): 31P NMR (CD2Cl2, 298 K),  130.3 (s, 1P). 1H 
NMR (CD2Cl2, 298 K),  1.31 (s, 9H, CH3, tBu), 1.60 (s, 9H, CH3, tBu), 1.62 (s, 3H, CH3-
Ar), 1.74 (s, 3H, CH3-Ar), 2.16 (s, 6H, CH3-Ar and CH3-N), 2.45 (s, 3H, CH3-Ar), 2.52 
(m, 1H, CH2), 2.75 (s, 3H, CH3-N), 3.19 (dd, 1H, CH2, 3JH-H= 9.6 Hz, 3JH-P= 14.4 Hz), 
4.52 (m, 1H, CH allyl trans to N), 5.30 (m, 1H, CH-O), 5.61 (m, 1H, CH allyl trans to P), 
6.54 (m, 1H, CH allyl central), 6.7-7.8 (m, 17H, CH=). 13C NMR (CD2Cl2, 298 K),  16.2 
(CH3, Ar), 16.7 (CH3, Ar), 20.0 (CH3, Ar), 20.2 (CH3, Ar), 31.6 (CH3, tBu), 32.1 (CH3, 
tBu), 34.4-35.3 (C, tBu), 49.9 (CH3-N), 51.6 (CH3-N), 69.8 (m, CH allyl trans to N), 71.2 
(CH2), 75.6 (CH-O), 105.6 (d, CH allyl trans to P, JC-P= 32.0 Hz), 112.3 (d, CH allyl 
central, JC-P= 10.7 Hz), 125-146 (aromatic carbons). Anal. calcd (%) for 
C49H59BF4NO3PPd: C 63.00, H 6.37, N 1.50; found: C 59.61, H 6.31, N 1.46. 
 
[Pd(3-1,3-cyclohexenylallyl)(L18e)]BF4 (53). Isomer endo (91%): 31P NMR 
(CD2Cl2, 298 K),  134.4 (s, 1P). 1H NMR(CD2Cl2, 298 K),  0.74 (d, 3H, CH3, 3JH-H= 
6.8 Hz), 1.2-1.6 (m, 4H, CH2), 1.46 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, tBu), 1.69 (s, 
3H, CH3-Ar), 1.80 (m, 1H, CH2), 1.87 (s, 3H, CH3-Ar), 2.21 (m, 1H, CH2), 2.23 (s, 3H, 
CH3-Ar), 2.34 (s, 3H, CH3-Ar), 2.82 (s, 3H, CH3-N), 3.24 (s, 3H, CH3-N), 3.31 (m, 1H, 
CH allyl trans to N), 3.38 (m, 1H, CH-N), 4.97 (dd, 1H, CH-O, 3JH-H= 7.2 Hz, 3JH-P= 12 
Hz), 5.49 (m, 1H, CH allyl central), 5.96 (m, 1H, CH allyl trans to P), 7.2-7.5 (m, 7H, 
CH=).13C NMR (CD2Cl2, 298 K),  9.9 (CH3), 16.7 (CH3, Ar), 20.5 (CH3, Ar), 20.6 (CH3, 
Ar), 21.4 (b, CH2), 27.4 (b, CH2), 21.4 (d, CH2, JC-P= 8.4 Hz), 31.7 (CH3, tBu), 32.0 (CH3, 
tBu), 35.2-35.4 (C, tBu), 44.8 (CH3-N), 53.4 (CH3-N), 64.7 (d, CH allyl trans to N, JC-P= 
10 Hz), 69.7 (CH-N), 82.7 (d, CH-O, JC-P= 6.1 Hz), 109.2 (d, CH allyl trans to P, JC-P= 40 
Hz), 113.5 (d, CH allyl central, JC-P= 10.7 Hz), 127-145 (aromatic carbons). Isomer exo 
(9%): 31P NMR (CD2Cl2, 298 K),  133.0 (s, 1P). 1H NMR(CD2Cl2, 298 K),  0.72 (d, 
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3H, CH3, 3JH-H= 6.8 Hz), 1.2-1.6 (m, 4H, CH2), 1.45 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, 
tBu), 1.62 (s, 3H, CH3-Ar), 1.80 (m, 1H, CH2), 1.89 (s, 3H, CH3-Ar), 2.21 (m, 1H, CH2), 
2.27 (s, 3H, CH3-Ar), 2.29 (s, 3H, CH3-Ar), 2.68 (s, 3H, CH3-N), 3.20 (s, 3H, CH3-N), 
3.36 (m, 1H, CH allyl trans to N), 3.42 (m, 1H, CH-N), 5.21 (m, 1H, CH-O), 5.68 (m, 
1H, CH allyl central), 6.08 (m, 1H, CH allyl trans to P), 7.2-7.5 (m, 7H, CH=).13C NMR 
(CD2Cl2, 298 K),  9.2 (CH3), 16.7 (CH3, Ar), 16.8 (CH3, Ar), 20.4 (CH3, Ar), 20.6 (CH3, 
Ar), 21.4 (b, CH2), 27.4 (b, CH2), 21.4 (d, CH2, JC-P= 8.4 Hz), 31.5 (CH3, tBu), 31.6 (CH3, 
tBu), 35.2-35.4 (C, tBu), 45 (CH3-N), 52.8 (CH3-N), 64.2 (d, CH allyl trans to N, JC-P= 
9.2 Hz), 69.7 (CH-N), 81.9 (d, CH-O, JC-P= 7.3 Hz), 110.8 (d, CH allyl trans to P, JC-P= 
38.6 Hz), 113.2 (d, CH allyl central, JC-P= 9.6 Hz), 127-145 (aromatic carbons). Anal. 
calcd (%) for C41H57BF4NO3PPd: C 58.90, H 6.87, N 1.68; found: C 58.21, H 6.84, N 1.65. 
 
[Pd(3-1,3-cyclohexenylallyl)(L19e)]BF4 (54).34 Isomer endo (96%): 31P NMR 
(CD2Cl2, 298 K),  135.2 (s, 1P). 1H NMR(CD2Cl2, 298 K),  1.25 (m, 1H, CH2), 1.43 
(m, 2H, CH2), 1.45 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, tBu), 1.70 (m, 1H, CH2), 1.73 (s, 
3H, CH3-Ar), 1.88 (s, 3H, CH3-Ar), 1.90 (m, 1H, CH2), 2.16 (m, 1H, CH2), 2.24 (s, 3H, 
CH3-Ar), 2.35 (s, 3H, CH3-Ar), 2.71 (d, 1H, CH2-N, 3JH-H= 14.4 Hz), 2.90 (s, 3H, CH3-N), 
3.12 (s, 3H, CH3-N), 3.42 (dd, 1H, CH2-N, 3JH-H= 14.4 Hz, 3JH-P= 9.6 Hz), 3.49 (m, 1H, 
CH allyl trans to N), 5.23 (m, 1H, CH-O), 5.44 (m, 1H, CH allyl central), 6.03 (m, 1H, 
CH allyl trans to P), 7.2-7.5 (m, 7H, CH=).13C NMR (CD2Cl2, 298 K),  16.7 (CH3, Ar), 
16.8 (CH3, Ar), 20.5 (CH3, Ar), 20.6 (CH3, Ar), ), 20.9 (d, CH2, JC-P= 2.3 Hz), 27.6 (b, 
CH2), 28.5 (d, CH2, JC-P= 7.6 Hz),31.8 (CH3, tBu), 32.0 (d, CH3, tBu, JC-P= 1.5 Hz)), 35.2 
(C, tBu), 35.5 (C, tBu), 51.8 (CH3-N), 56.7 (CH3-N), 67.6 (d, CH allyl trans to N, JC-P= 
9.1 Hz), 71.8 (CH-N), 77.9 (d, CH-O, JC-P= 6.8 Hz), 105.0 (d, CH allyl trans to P, JC-P= 
40.3 Hz), 113.5 (d, CH allyl central, JC-P= 10.6 Hz), 126-146 (aromatic carbons). Isomer 
exo (4%): 31P NMR (CD2Cl2, 298 K),  134.2 (s, 1P). 1H NMR(CD2Cl2, 298 K),  1.25 
(m, 1H, CH2), 1.43 (m, 2H, CH2), 1.47 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, tBu), 1.70 (m, 
1H, CH2), 1.74 (s, 3H, CH3-Ar), 1.90 (bs, 4H, CH3-Ar and CH2), 2.16 (m, 1H, CH2), 2.24 
(s, 3H, CH3-Ar), 2.35 (s, 3H, CH3-Ar), 2.81 (d, 1H, CH2-N, 3JH-H= 14.0 Hz), 2.91 (s, 3H, 
CH3-N), 3.09 (s, 3H, CH3-N), 3.27 (dd, 1H, CH2-N, 3JH-H= 14.0 Hz, 3JH-P= 8.4 Hz), 3.39 
(m, 1H, CH allyl trans to N), 5.39 (m, 1H, CH-O), 5.54 (m, 1H, CH allyl central), 5.84 
(m, 1H, CH allyl trans to P), 7.2-7.5 (m, 7H, CH=). Anal. calcd (%) for C40H55BF4NO3PPd: 
C 58.44, H 6.74, N 1.70; found: C 58.06, H 6.70, N 1.67. 
3.5.4.8. Study of the reactivity of the [Pd(3-allyl)(L))]BF4 with sodium 
malonate by in situ NMR35  
A solution of in situ prepared [Pd(3-allyl)(L)]BF4 (L= phosphite-amine, 0.05 mmol) in 
CD2Cl2 (1 mL) was cooled in the NMR at -80 C. At this temperature, a solution of cooled 
sodium malonate (0.1 mmol) was added. The reaction was then followed by 31P NMR. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





The relative reaction rates were calculated using a capillary containing a solution of 
triphenylphosphine in CD2Cl2 as external standard. 
 
3.5.4.9. Typical procedure for the allylic alkylation of linear (S1 and S3-S5) and 
cyclic (S2, S6 and S7) substrates 
A degassed solution of [PdCl(3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 
amino-phosphite (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. 
Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane 
(1.5 mL), nucleophile (1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 L, 1.5 mmol) 
and a pinch of KOAc were added. The reaction mixture was stirred at room temperature. 
After the desired reaction time the reaction mixture was diluted with Et2O (5 mL) and 
saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 
mL) and the extract dried over MgSO4. For compounds 12, 14-21, 27-29, 32, 34-36 
and 42, the solvent was removed, conversions were measured by 1H-NMR and 
enantiomeric excesses were determined by HPLC (See Section 3.2). For compounds 13, 
30-31, 37-38 and 40-41, conversion and enantiomeric excesses were determined by 
GC (See Section 3.2). For compounds 33 and 39, conversions were measured by 1H-
NMR and ees were determined by 1H-NMR using [Eu(hfc)3] (See Section 3.2). 
3.5.4.10. Typical procedure for the allylic amination of substrate S1 
A degassed solution of [PdCl(3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 
amino-phosphite ligand (0.0055 mmol) in dichloromethane (0.5 mL) was stirred  for 30 
min. Subsequently, a solution of rac-1,3-diphenyl-3-acetoxyprop-1-ene (S1) (0.5 mmol) 
in dichloromethane (1.5 mL) and benzylamine (131 L, 1.5 mmol) were added. The 
reaction mixture was stirred at room temperature. After the desired reaction time, the 
reaction mixture was diluted with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was 
added. The mixture was extracted with Et2O (3 x 10 mL) and the extract dried over 
MgSO4. Conversion was measured by 1H-NMR and enantiomeric excess was determined 
by HPLC.  
3.5.4.11. Typical procedure for the allylic etherification of substrate S1 
A degassed solution of [PdCl(3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 
amino-phosphite ligand (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 
min. Subsequently, a solution of the corresponding substrate (31.5 mg, 0.125 mmol) in 
dichloromethane (1.5 mL) was added. After 10 minutes, Cs2CO3 (122 mg, 0.375 mmol) 
and alkyl alcohol (0.375 mmol) were added. The reaction mixture was stirred at room 
temperature. After the desired reaction time, the reaction mixture was diluted with Et2O 
(5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 
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Et2O (3 x 10 mL) and the extract dried over MgSO4. Conversion was measured by 1H-
NMR. HPLC was used to determine enantiomeric excesses.  
3.5.4.12. Procedure for the preparation of carbocyclic compounds 46-51 
 
A solution of Grubbs II catalyst (5 mg, 0.006 mmol) and the corresponding alkylated 
product (0.12 mmol) in CH2Cl2 (3 mL) was stirred for 16 h. The solution was directly 
purified by flash chromatography (95:5; Hex: EtOAc) to obtained the desired carbocycle 
compounds.  
 
Dimethyl 2-phenylcyclopent-3-ene-1,1-dicarboxylate (46). Enantiomeric excess 
determined by HPLC using Chiralpak IC column (87% 2-propanol/hexane, flow 0.5 
mL/min, = 226 nm). tR 15.3 min (S); tR 17.0 min (R). 1H NMR (CDCl3), δ: 2.76 (d, 1H, 
CH2, J= 17.4 Hz), 3.06 (s, 3 H, CH3), 3.45 (d, 1H, CH2, J= 17.4 Hz), 3.74 (s, 3H, CH3), 
4.86 (s, 1H, CH), 5.68 (m, 1H, CH=), 5.85 (m, 1H, CH=), 7.1-7.3 (m, 5H, CH=).  
 
Dimethyl 2-(p-tolyl)cyclopent-3-ene-1,1-dicarboxylate (47). Enantiomeric 
excess determined by HPLC using Chiralpak IA column (98% 2-propanol/hexane, flow 
0.5 mL/min, = 226 nm). tR 12.1 min (-); tR 12.8 min (+). 1H NMR (CDCl3), δ: 2.30 (s, 
3H, CH3), 2.81 (bd, 1H, CH2, J= 12.6 Hz), 3.22 (s, 3 H, CH3), 3.49 (m, 1H, CH2), 3.76 
(s, 3H, CH3), 4.86 (s, 1H, CH), 5.71 (m, 1H, CH=), 5.87 (m, 1H, CH=), 7.1-7.3 (m, 4H, 
CH=).  
 
Dimethyl 2-methylcyclopent-3-ene-1,1-dicarboxylate (48). Enantiomeric excess 
determined by HPLC using Chiralpak OJ-H column (98% 2-propanol/hexane, flow 0.5 
mL/min, = 226 nm). tR 15.6 min (-); tR 16.7 min (+). 1H NMR (CDCl3), δ: 0.96 (d, 3H, 
CH3, J= 7.6 Hz), 2.72 (d, 1H, CH2, J= 16.8 Hz), 3.26 (d, 1H, CH2, J= 16.8 Hz), 3.62 
(q, 1H, CH, J= 7.6 Hz), 3.73 (s, 6 H, CH3), 5.57 (m, 2H, CH=).  
 
Diethyl 2-phenylcyclohex-3-ene-1,1-dicarboxylate (49). Enantiomeric excess 
determined by HPLC using Chiralpak OJ-H column (98% 2-propanol/hexane, flow 0.5 
mL/min, = 220 nm). tR 12.5 min (-); tR 17.5 min (+). 1H NMR (CDCl3), δ: 1.25 (t, 6H, 
CH3, J= 7.2 Hz), 1.9-2.3 (m, 4H, CH2), 3.91 (m, 1H, CH), 4.19 (m, 4H, CH2), 5.76 (m, 
1H, CH=), 5.90 (m, 1H, CH=), 7.1-7.4 (m, 5H, CH=). 
 
Diethyl 2-(p-tolyl)cyclohex-3-ene-1,1-dicarboxylate (50). Enantiomeric excess 
determined by HPLC using Chiralpak OJ-H column (98% 2-propanol/hexane, flow 0.5 
mL/min, = 220 nm). tR 12.5 min (-); tR 18.7 min (+). 1H NMR (CDCl3), δ: 1.26 (t, 6H, 
SI-10 CH3, J= 7.2 Hz), 1.9-2.2 (m, 4H, CH2), 2.26 (s, 3H, CH3), 3.97 (m, 1H, CH), 4.20 
(m, 4H, CH2), 5.73 (m, 1H, CH=), 5.85 (m, 1H, CH=), 7.1-7.4 (m, 4H, CH=).  
 
Diethyl 2-phenylcyclohept-3-ene-1,1-dicarboxylate (51). Enantiomeric excess 
determined by HPLC using Chiralpak OJ-H column (98% 2-propanol/hexane, flow 0.5 
mL/min, = 220 nm). tR 11.2 min (-); tR 13.8 min (+). 1H NMR (CDCl3), δ: 1.26 (t, 6H, 
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CH3, J= 7.2 Hz), 1.9-2.3 (m, 6H, CH2), 4.10 (m, 1H, CH), 4.17 (m, 4H, CH2), 4.98 (m, 
1H, CH=), 5.72 (m, 1H, CH=), 7.0-7.3 (m, 4H, CH=). 
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3.6. Furanoside phosphite-phosphoramidite and diphosphoramidite 
ligands applied to Cu-catalyzed allylic substitution reaction 
Magre, M.; Mazuela, J.; Pàmies, O.; Diéguez, M.; Alexakis, A. Tetrahedron Asymmetry 2012, 23, 67. 
 
Abstract: A phosphite-phosphoramidite and diphosphoramidite ligand library L21-L25a-f was 
applied in the Cu-catalyzed allylic substitution of a range of cinnamyl-type substrates using 
several organometallic nucleophiles. Results indicated that selectivity depended strongly on 
the ligand parameters (position of the phosphoramidite group at either C-5 or C-3 of the 
furanoside backbone, as well as the configuration of C-3, the introduction of a second 
phosphoramidite moiety, the substituents and configurations in the biaryl 
phosphite/phosphoramidite moieties), the nature of the leaving group of the substrate and the 
alkylating reagent. Good enantioselectivities (up to 76%) and activity combined with high 
regioselectivities were obtained. 
 
3.6.1. Introduction 
Developing methods for enantioselective carbon-carbon bond formation is one of the key 
issues in organic synthesis. A versatile method for doing so is transition metal-catalyzed 
asymmetric allylic substitution with carbon nucleophiles.1 Great effort has been put into 
controlling the chemo-, regio-, and enantioselectivity outcome of the reaction. Most 
asymmetric allylic substitutions have been reported with soft nucleophiles (i.e. 
malonates and related stabilized anions) and Pd as the metal source, although Mo, W, 
Ru, Rh and Ir catalysts have also proved to be effective for these nucleophiles.1 In 
contrast, copper allows the use of hard, non-stabilized nucleophiles, such as small alkyl 
groups in the form of organometallic species.2 Among the broad range of reagents 
available, the use of Grignard reagents in the catalyzed asymmetric allylic substitution 
reaction was first reported by Bäckvall and van Koten, with chiral copper thiolate 1 
(Figure 3.6.1), yielding moderate ee values.3 This pioneering work was soon followed by 
a paper from Dübner and Knochel, who reported a highly enantioselective version using 
a different system based on diorganozinc reagents with ligand 2 (Figure 3.6.1).4  
Since then, most efforts have been directed towards developing new efficient Cu 
catalysts for these organozinc reagents.5  An important breakthrough in the use of 
Grignard reagents was made by Alexakis et al. They reported highly regio- and 
enantioselective Cu-phosphoramidite catalyzed allylic substitution of di- and tri-
substituted cinnamyl chloride substrates (Figure 3.6.1, ligands type 3).6 
Other successful ligands have been introduced for stereoselective allylic addition of 
organomagnesium reagents, such as chiral N-heterocyclic carbenes (Figure 3.6.1, 
ligands type 4) by Okamoto et al.7 and more recently ferrocenic bidentate phosphines 
(Figure 3.6.1, ligand type 5) by Feringa et al.8 
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Apart from these latter bidentate phosphines, the most successful ligands developed for 
this transformation are monodentate. However, Alexakis et al. found that successfully 
used OMe-substituted phosphoramidite monodentate-based ligands 3 can act as 
bidentate P,O-ligands.6b  
 
Figure 3.6.1. Previous ligands applied in Cu-catalyzed allylic substitution reactions. 
On the basis of this finding, we decided to study a library of bidentated furanoside 
phosphite-phosphoramidite and diphosphoramidite ligands L21-L25a-f in the Cu-
catalyzed allylic substitution reaction (Figure 3.6.2).  
 
 
Figure 3.6.2. Furanoside phosphite-phosphoramidite and diphosphoramidite ligand library 
L21-L25a-f. 
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These ligands have the same advantages as carbohydrate and 
phosphite/phosphoramidite ligands: that is, they are cheaply available, they have high 
resistance to oxidation and they have facile modular constructions.9 
Therefore, with this library we fully investigated the effects of systematically varying the 
position of the phosphoramidite group at both C-5 (ligands L21 and L22) and C-3 
(ligands L23 and L24) of the furanoside backbone, as well as the effects of the 
configuration at C-3 of the furanoside backbone, the introduction of second 
phosphoramidite moiety (ligands L25) and the substituents/configurations in the biaryl 
phosphite/phosphoramidite moieties (a-f). By carefully selecting these elements and 
using a range of Grignard reagents, we achieved good regio- and enantioselectivities, 
and activities in different substrate types. 
 
3.6.2. Results and discussion 
Initially, we evaluated phosphite-phosphoramidite and diphosphoramidite ligand library 
L21-L25a-f (Figure 3.6.2) in the copper-catalyzed asymmetric allylic alkylation of 
cinnamyl chloride S1 using EtMgBr as nucleophile (Scheme 3.6.1). The catalytic system 
was generated in situ by adding the corresponding ligand to a suspension of the catalyst 
precursor CuTC (copper thiophene 2-carboxylate). 
 
 
Scheme 3.6.1. Cu-catalyzed asymmetric allylic alkylation using L21-L25a-f. 
The results are shown in Table 3.6.1. They indicate that regio- and enantioselectivity are 
affected by the position of the phosphoramidite group at either C-5 or C-3 of the 
furanoside backbone, and by the configuration of C-3, the introduction of a second 
phosphoramidite moiety, and the substituents and configurations in the biaryl 
phosphite/phosphoramidite moieties (a-f).  
We first studied the effect of the position of the phosphoramidite group at either C-5 
(ligands L21 and L22) or C-3 (ligands L23 and L24) of the furanoside backbone and the 
configuration of C-3 (Table 3.6.1, entries 1-4). We observed a cooperative effect between 
the position of the phosphoramidite group and the configuration of carbon atom C-3 of 
the furanoside backbone. The results indicate that the matched combination is achieved 
with ligands L2, whose phosphoramidite moiety is attached to C-5 and which have an R 
configuration of carbon atom C-3 on the tetrahydrofuran ring (Table 3.6.1, entries 1-4). 
We then used ligands L5 to study how catalytic performance was affected by replacing 
the phosphite moiety with a phosphoramidite group in preferred ligands L22. The results 
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indicated that the presence of a second phosphoramidite moiety in the ligands had a 
negative effect on enantioselectivity (Table 3.6.1, entries 5 vs 2). 
We next studied the effects of the biaryl phosphite/phosphoramidite moieties using 
ligands L22a-f (Table 3.6.1). We found that these moieties mainly affected 
enantioselectivity, while their effect on regioselectivity was less important. Results 
indicated that bulky substituents at both ortho and para positions of the biphenyl 
phosphite/phosphoramidite moieties need to be present if enantioselectivities are to be 
high (Table 3.6.1, entries 2 vs 6-8). This indicates that bulky substituents are necessary 
to control the tropoisomerization of the biaryl phosphite/phosphoramidite moieties in the 
catalytic active species. Similar behavior has been observed for other 
phosphite/phosphoramidite based ligands in other metal-catalyzed asymmetric 
transformations.10 Moreover, the presence of bulky enantiopure binaphthyl moieties (e-
f) did not further improve enantioselectivity (Table 3.6.1, entries 2 vs 9-10). This suggests 
that in ligand L22a, the biphenyl moiety attached to the phosphoramidite adopts a 
configuration that is different from that of the configuration of the biphenyl phosphite 
moiety. 
 
Table 3.6.1. Selected results for the Cu-allylic substitution of cinnamyl chloride with EtMgBr 
using ligands L21-L25a-f.a 
Entry Ligand % Convb 6/7c % eed 
1 L21a 100 94/6 39 (S) 
2 L22a 99 97/3 60 (S) 
3 L23a 100 88/12 3 (S) 
4 L24a 100 92/8 38 (S) 
5 L25a 100 96/4 12 (S) 
6 L22b 100 95/5 48 (S) 
7 L22c 100 96/4 32 (S) 
8 L22d 100 97/3 6 (S) 
9 L22e 96 96/4 16 (R) 
10 L22f 90 95/5 43 (S) 
11e L22a 99 98/2 70 (S) 
a Reaction conditions: CuTC (1 mol%), ligand (1 mol%), EtMgBr (1.2 eq, 1.2 mmol), S1 (1 mmol), 
CH2Cl2 (2 mL), T= -50 C. b Conversion determined by 1H NMR after 1 h. c Regioselectivity determined 
by 1H NMR. d Enantiomeric excess determined by GC on a Supelco β-DEX 120 column. e Reaction 
carried out at -78 C. 
 
To sum up, the best result was obtained with ligand L22a, which contains the optimal 
combination of ligand parameters. These results clearly show the efficiency of highly 
modular scaffolds in ligand design. Regio- and enantioselectivity can be improved by 
controlling not only the structural but also the reaction parameters. In this case, both 
regio- and enantioselectivity were further improved (98% regioselectivity with 70% ee) 
with ligand L22a by lowering the reaction temperature to -78 ºC (Table 3.6.1, entry 11). 
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It has been shown that the catalytic performance for this transformation is highly 
dependent on a subtle balance between the nature of the leaving group, the type of 
organometallic reagent and the copper source among other reaction parameters.2 So we 
next investigated whether the performance of our CuTC/L22a catalytic system can be 
improved by using other leaving groups in the substrate and by using dialkylzincs instead 
of Grignard reagents. The results are summarized in Table 3.6.2.  
Using EtMgBr, we found that the replacement of the chloride leaving group by a bromide 
(S2) or phosphonate group (S3) leads to lower regio- and enantioselectivities (Table 
3.6.2, entries 2 and 3 vs 1).  
 
Table 3.6.2. Selected results for Cu-catalyzed allylic alkylation of several cinnamyl halides 
(S1-S2) and phosphonate (S3) using EtMgBr and ZnEt2.a 
 
Entry Cu salt Substrate Organometallic 
reagent 
% Conv 6/7  % ee 
1 CuTC S1 EtMgBr 99 97/3 60 (S) 
2 CuTC S2 EtMgBr 100 92/8 53 (S) 
3 CuTC S3 EtMgBr 85 70/30 42 (S) 
4 CuTC S1 ZnEt2 100 84/16 39 (S) 
5 CuTC S2 ZnEt2 100 78/22 44 (S) 
6 CuTC S3 ZnEt2 40 75/25 55 (S) 
7 CuOTf2 S1 ZnEt2 92 82/18 36 (S) 
8 CuOTf2 S2 ZnEt2 85 70/30 46 (S) 
a Reaction conditions: Cu source (1 mol%), ligand (1 mol%), nucleophile (1.2 eq, 1.2 mmol), S1             
(1 mmol), CH2Cl2 (2 mL), T= -50 C. b Conversion determined by 1H NMR after 1 hour.  c 
Regioselectivity determined by 1H NMR. d Enantiomeric excess determined by GC on a Supelco β-DEX 
120  column. 
 
On the other hand, the use of dialkylzincs instead of Grignard reagents for the allylic 
substitution of cinnamyl halides (S1 and S2) leads to significantly lower regio- and 
enantioselectivities (Table 3.6.2, entries 4 and 5 vs 1 and 2, respectively). However, for 
phosphonate S3, enantioselectivity and to a lesser extent regioselectivity increased 
when ZnEt2 was used, but at the cost of activity (Table 3.6.2, entry 6 vs 3). Finally, and 
on the basis of our previous results on Cu-catalyzed conjugated addition which show that 
for some substrates the combination of dialkylzincs with CuOTf2 leads to higher 
enantioselectivities, we decided to assess the use of CuOTf2 as a source of copper. 
Disappointingly, no improvement in the catalytic performance was observed (Table 
3.6.2, entries 7 and 8 vs 4 and 5, respectively). 
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Finally, we investigated the allylic substitution of a range of cinnamyl type chlorides with 
various Grignard reagents.  Cinnamyl chloride S1 reacts with methyl and n-propyl 
Grignard reagents as EtMgBr does (Table 3.6.3, entries 2 and 3 vs 1). However, the use 
of a secondary Grignard reagent, iPrMgBr, decreases both regio- and enantioselectivities 
(Table 3.6.3, entry 4 vs 1).  
Regarding the substrate scope, Table 3.6.3 shows that soft electron-donating groups at 
the para positions of the phenyl group (substrate S4) slightly decrease both regio- and 
enantioselectivities (Table 3.6.3, entries 5 and 6 vs 1 and 4, respectively), while strongly 
electron-donating groups (substrate S5) slightly increase enantioselectivities (Table 
3.6.3, entries 7 and 8 vs 1 and 4, respectively). Interestingly, the allylic substitution of 
2-(3-chloro-propenyl)-naphthalene S6 provided the highest enantioselectivities (ee’s up 
to 76%, Table 3.6.3, entries 9-14) while maintaining the excellent regioselectivity. 
 
Table 3.6.3. Selected results for the Cu-catalyzed asymmetric allylic substitution of a range 
of cinnamyl-type chlorides with various Grignard reagents a 
 
Entry Substrate R % Convb c  % eed 
1 S1 Et 99 (95) 97/3 60 (S) 
2 S1 Me 98 (94) 98/2 59 (S) 
3 S1 nPr 99 (96) 97/3 59 (S) 
4 S1 iPr 98 (92) 92/8 35 (S) 
5 S4 Et 100 (93) 93/7 54 (S) 
6 S4 iPr 100 (91) 88/12 32 (S) 
7 S5 Et 99 (94) 97/3 62 (S) 
8 S5 iPr 100 (90) 92/8 40 (S) 
9 S6 Et 100 (92) 96/4 68 (S) 
10 S6 Me 100 (94) 96/4 67 (S) 
11 S6 nPr 100 (96) 95/5 67 (S) 
12 S6 iPr 100 (92) 90/10 41 (S) 
13e S6 Et 100 (91) 96/4 76 (S) 
14e S6 Me 100 (95) 97/3 73 (S) 
a Reaction conditions: CuTC (1 mol%), L22a (1 mol%), RMgBr (1.2 eq, 1.2 mmol), substrate (1 
mmol), CH2Cl2 (2 mL), T= -50 C. b Conversion determined by 1H NMR after 1 hour. In parentheses 
the isolated yield of the mixture of regioisomers.  c Regioselectivity determined by 1H NMR. 
d Enantiomeric excess determined by GC on a Supelco β-DEX 120 column. e Reaction performed at -
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A library of furanoside phosphite-phosphoramidite and diphosphoramidite L21-L25a-f 
was applied in the Cu-catalyzed allylic substitution of a range of cinnamyl-type 
substrates using several organometallic nucleophiles. Good enantioselectivities (up to 
76%) and activity combined with high regioselectivities were obtained. Systematically 
varying the position of the phosphoramidite group, at either C-5 or C-3 of the furanoside 
backbone, as well as the configuration of C-3 and several substituents and configurations 
in the biaryl phosphite/phosphoramidite moieties had a strong effect on rate and 
selectivity. Enantioselectivity was best with the catalyst precursor containing ligand 
L22a, which has the optimal combination of ligand parameters.  
Our results also showed that the nature of the leaving group of the substrate and the 
alkylating reagent also play an important role in determining activity and the regio- and 
enantioselectivity. 
 
3.6.4. Experimental Section 
 
3.6.4.1. General considerations 
All syntheses were performed using standard Schlenk techniques under argon 
atmosphere. Solvents were purified by standard procedures. Ligands L21-L25a-f11 and 
substrates S3-S612 were prepared by previously described methods. All other reagents 
were used as commercially available.  
3.6.4.2. General procedure for the Cu-catalyzed enantioselective allylic 
substitution 
A dried Schlenk tube was charged with copper salt (1 mol%) and the chiral ligand (1 
mol%). Dichloromethane (2 mL) was added and the mixture was stirred at room 
temperature for 30 min. The allylic chloride (1 mmol) was introduced dropwise and the 
reaction mixture was stirred at room temperature for a further 5 min before being cooled 
to –50°C. Grignard reagent (2-3 M in diethyl ether, 1.2 eq) in dichloromethane (0.5 mL) 
was added for 40 min via syringe pump. Once the addition was complete the reaction 
mixture was left at –50°C for one hour. The reaction was then quenched by addition of 
aqueous hydrochloric acid (1N, 2 mL). Diethyl ether (10 mL) was added and the aqueous 
phase was separated and extracted further with diethyl ether (3 x 3 mL). The combined 
organic fractions were washed with brine (5 mL), dried over anhydrous sodium sulfate, 
filtered and reduced in vacuo. Conversion and regioselectivity were determined by 1H-
NMR, and enantiomeric excess was determined by GC.6a The absolute configuration of 
the alkylation products has been assigned by comparing the retention time with those 
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obtained with enantioenriched samples prepared according to reference 6a. The oily 
residue was purified by flash column chromatography (eluent = pentane) to yield the 
product as a mixture of SN2’ and SN2 regioisomers.6a 
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One of the most challenging problems in organic chemistry which needs to be overcame 
is the formation of stereoselective C-C bond between an aromatic carbon and a carbon 
 to a carbonyl group. Transition metal-catalyzed -arylation has attracted considerable 
attention due to its versatility and utility of many medicinal targets.  
Oxindoles skeleton is present in some natural products which present a wide range of 
properties and are reported to exhibit an extensive range of biological effects such as 
antiviral, antibacterial and anticancer activities. As C-3 substituted oxindoles present 
biological activity, many efforts have been made to prepare enantioselective -
substituted oxindoles. Among -substituted oxindoles, -aryl oxindoles has been less 
developed and many efforts have to be made for their preparation.  
Palladium catalyzed asymmetric intramolecular cyclization for preparation of 3,3-
disubstituted oxindoles has been widely developed to achieve enantioselective-
substituted oxindoles, but this protocol is not useful is the oxindole core is already 
existing in the molecule. For that reason, metal-catalyzed direct -arylation of oxindoles 
has appeared as an alternative to intramolecular cyclization.  
The -arylation of amide enolates represents one of the most challenging chemical 
transformation due to the high pKa of the substrates, necessitating the use of strong 
bases which can limit the substrate scope, due to the easy racemization of the new 
created stereocentre. To the best of our knowledge, no asymmetric -aryl oxindoles are 
present in the literature. 
Guiry et al. have developed an alternative to the catalytic asymmetric -arylation of 
carbonyls, which is having the aryl group already introduced in the -position of carbonyl 
compound and, by Pd-catalyzed asymmetric decarboxylative protonation, generating the 
chiral stereocentre at -position of the carbonyl compound. These authors have reported 
the application of electron-deficient PHOX-type ligands for the Pd-catalyzed 
enantioselective decarboxylative protonation of isoflavanones and cyclic ketones with a 
great success. They could determine that replacing PHOX ligand by electron-deficient 
CF3-PHOX-type ligands, enantioselectivities of the reaction were further improved. 
With the precedents in the literature about Pd-decarboxylative protonation and the fact 
that there is no reported example of enantioselective -aryl oxindole (if the oxindole 
core is already present in the molecule), we thought that the use of the large number of 
-acceptor phosphite-containing ligands developed previously in our laboratories could 
be a good choice of ligands for the Pd-catalyzed enantioselective decarboxylative 
protonation reactions.  
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The group of Prof. Patrick Gury at UCD in Dublin, was working on the synthesis of chiral 
-aryl oxindoles. They successfully developed a methodology for their synthesis through 
Pd-decarboxylative protonation of -aryl--amido allyl esters.  
In Section 4.2 we present a collaboration of the Guiry’s group in the screening of three 
main ligand phosphite-N libraries L1-L4 and L26-L37a-e for this reactions. Different -
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4.2. First catalytic asymmetric synthesis of sterically hindered tertiary 
-aryl oxindoles via Pd-catalyzed decarboxylative protonation 
 
Magre, M.+; Jackson, M.+; Biosca, M.; Pàmies, O.; Norrby, P.-O.; Diéguez, M.; Guiry, P. J. Manuscript 
in preparation. + Both authors contributed equally to this work. 
 
Abstract: In collaboration with Prof. Guiry we have been able to develop the first catalytic 
asymmetric preparation of tertiary sterically hindered -aryl oxindoles via enantioselective Pd-
catalyzed decarboxylative protonation of the corresponding -aryl--amido allyl esters. The 
reaction occurs under very mild conditions and in short reaction times, providing excellent 
yields and promising enantioselectivities (ee’s up to 78%). 
 
4.2.1. Introduction 
One of the most challenging problems in organic chemistry is the formation of 
stereoselective C-C bond between an aromatic carbon and an carbon to a carbonyl 
group.1 The asymmetric synthesis of -aryl carbonyl-containing molecules has attracted 
much attention over the last decade, due to the presence of this structural motif in 
biologically active products such as isoflavanones and oxindoles among others.2 
Oxindoles are endogenous aromatic organic compounds that are found in the tissues and 
body fluids of mammals. The oxindole skeleton is also present in many natural products 
with antiviral, antibacterial and anticarcinogenic effects.2f 
The first approach to the asymmetric synthesis of oxindoles was reported by Hartwig et 
al. (Scheme 4.2.1a) in 2001. They reported the preparation of 3,3-disubstituted 
oxindoles using a Pd-catalyzed intramolecular cyclization with excellent conversions and 
promising enantioselectivities (ee's up to 71%).3 However, such an approach was not 
suitable when the substrate had an oxindole core and only quaternary-aryl oxindoles 
were achieved. In contrast to the catalytic asymmetric synthesis of quaternary -aryl 
carbonyl stereocenters, the synthesis of the corresponding tertiary-aryl carbonyl 
containing compounds remains a challenge due to the ease at which such compounds 
racemize. As an alternative to the cyclization method, direct metal-catalyzed -arylation 
of carbonyl compounds emerged for a wide range of nucleophiles such as enolates of 
ketones, esters, nitriles and amides.4 The first metal-catalyzed -arylation of oxindoles 
was reported by Willis’5 and Buchwald’s6 groups independently in 2008 (Scheme 4.2.1b). 
They applied Pd-phosphine complexes to catalyze the -arylation of oxindoles with 
several aryl halides with good to excellent yields. The application of strong bases (such 
as NaOtBu or KHMDS) is necessary in all -arylation of oxindoles to deprotonate the 
amidic -proton. Due to such strong basic media, the asymmetric -arylation of 
oxindoles has not been reported yet because of the easy racemization of that tertiary 
stereocentre in -position to the amide group. 
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Scheme 4.2.1.Previous methodologies for the preparation of -aryl oxindoles.  
An alternative path to catalytic asymmetric -arylation of carbonyls using strong bases 
is to use -aryl--keto allyl esters that already have an aryl group in the -position of 
the carbonyl (Scheme 4.2.2). With this idea, Guiry et al. have reported the preparation 
of chiral -aryl carbonyl-containing compounds via Pd-decarboxylative protonation of -
aryl--keto esters using phosphine-oxazoline PHOX-based ligands (Scheme 4.2.2a). 
With this protocol they synthesized several chiral isoflavanones and chiral -aryl cyclic 
ketones in excellent yields and enantioselectivities, with the (S)-CF3-tBuPHOX ligand 1 
(Scheme 4.2.2a). 7 , 8  A relevant finding was that the electron deficient phosphine-
oxazoline ligand (S)-CF3-tBuPHOX 1 provided much higher enantioselectivity than usual 
phosphine-oxazoline tBuPHOX ligand 2. We now wish to go further and achieve, for the 
first time, the catalytic asymmetric synthesis of chiral tertiary -aryl oxindoles by a lead 
mediated arylation of -amido esters followed by a Pd-catalyzed decarboxylative 
protonation (Scheme 4.2.2b). We studied several -aryl--amido esters S1-S11 9 
containing aryl substituents with different electronic and steric properties.  
Because the use of electron-deficient ligands was seen to facilitate the asymmetric Pd-
decarboxylative protonation of -aryl--keto allyl esters (Scheme 4.2.2a), we focused in 
electron deficient P,N ligands and applied several -acceptor phosphite-N ligand families 
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Scheme 4.2.2. Synthesis of chiral -aryl isoflavanones (Scheme 4.2.2a) and oxindoles 
(Scheme 4.2.2b) by a lead mediated arylation followed by an enantioselective Pd-catalyzed 
decarboxylative protonation. 
We know that in some asymmetric catalytic transformations the biaryl -acceptor 
phosphite groups in the ligands have a positive effect on activity and widen substrate 
versatility.10 The higher flexibility of a biaryl phosphite compared with a phosphine 
moiety help the P-N ligands to accommodate a wider range of substrates, thereby 
yielding excellent enantioselectivities for a broad range of substrates and catalytic 
reactions.10 In the present study we applied, using the methodology developed by Guiry’s 
group, three of our phosphite-N ligand families in the Pd-decarboxylative protonation of 
-aryl--amido esters (Figure 4.2.1).11 These phosphite-oxazoline ligands are based on 
three main ligand structures. The first one is based on the phosphine-oxazoline PHOX 
ligands 2, in which the phosphine moiety has been replaced by biaryl phosphite groups 
(ligands L1-L4).11a-c In the second one the flat ortho-phenylene tether in L1-L4 has been 
replaced by an alkyl chain bonded to carbon 4 of the oxazoline moiety, which shifts the 
chirality from the oxazoline to the alkyl chain (ligands L26-L29).11d-g In the third one 
the oxazoline group has been replaced by a more robust pyridine group (ligands L30-
L37).11h-i Several configuration/substituents on the biaryl phosphite moiety will be also 
studied (a-e). Finally, in this work we also perform theoretical studies in order to explain 
the origin of enantioselectivity.   
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Figure 4.2.1. Phosphite-nitrogen ligand families. 
4.2.2. Results and discussion 
4.2.2.1. Synthesis of S1-S11 
The synthesis of compounds S1-S11 was straightforward in only two steps synthesis 
from the already available 2-oxindole (Scheme 4.2.3). The first step of the synthesis is 
the methylation of 2-oxindole with Me2SO4 as strongly methylating agent. Then, using 
LDA and allylchloroformate the corresponding allyl 1-methyl-2-oxoindoline-3-
carboxylate intermediate is obtained and without further purification, ArPb(OAc)3 in 
pyridine were added to the reaction mixture to afford the corresponding -aryl--amido 
ester S1-S11 in moderate-to-good yields (41-75% yield).9 
 
 
Scheme 4.2.3. Synthetic route to substrates S1-S11: a) NaH, Me2SO4, Toluene, reflux, 3 h. 
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4.2.2.2. Catalytic reactions 
In a first set of experiments we used as a model allyl 1-methyl-2-oxo-3-(2’,4’,6’-
trimethoxyphenyl)indoline-3-carboxylate S1. We tested the ligands in the optimal 
reaction conditions found by Guiry et al. in the Pd-decarboxylative protonation of -aryl-
-keto allyl esters.7 Reactions were therefore performed at room temperature, using             
5 mol% of in situ generated catalyst Pd2(dba)3.CHCl3 and the corresponding ligand in the 
presence of Meldrum’s acid. In this protocol pre-activation of the catalyst was needed. 
The results are collected in Table 4.2.1. All catalytic systems were very active, achieving 
full conversion in less than 2 hours. Disappointingly, the use of the electron deficient 
phosphine-oxazoline ligand 1, which has been the best ligand for the Pd-decarboxylative 
protonation of -aryl--keto esters, provided low enantioselectivities (37% ee, Table 
4.2.1, entry 1).7,12 The use of related phosphite-oxazoline ligands L1-L4a, in which the 
phosphine moiety in ligand 1 has been replaced by a biaryl phosphite group, provided 
even lower enantioselectivities (ee's up to 3%, Table 4.2.1, entries 2-5). The use of 
ligands L26-L29a in which the flat ortho-phenylene tether in L1-L4 has been replaced 
by an alkyl chain bonded to carbon 4 of the oxazoline moiety, provided also lower 
enantioselectivities than those achieved with ligand 1. In this case we found that 
enantioselectivity is affected by the substituent at the alkyl backbone chain. Thus, the 
best enantioselectivity (18% ee, entry 9) was achieved with ligand L29a which contains 
a Ph substituents on the alkyl backbone. Similar values of enantioselectivity than 
previous ligand L29a were achieved using more robust phosphite-pyridine ligands L30-
L37a (entry 12, 20% ee). By varying the substituent of the ligand backbone (R4 and R5) 
with ligands L30-L37a we found that the best enantioselectivity was obtained with 
L30a, which contain a hydrogen in R4 and a Me in R5.  
To improve the enantioselectivities further we used ligands L29-L30a-e to study the 
effect of the biaryl phosphite moiety. The results indicated that enantioselectivity could 
be increased with the adequate configuration and substituent at the biaryl phosphite 
moiety (ligand L30c, up to 49% ee, entry 14). Thus, ligands L29-L30c (entries 11 and 
14) with an S-biaryl phosphite group provided higher enantioselectivities than ligands 
L29-L30b containing an R-biaryl group (entries 10 and 13). On the other hand, 
enantioselectivities are very sensitive to variations in the substituents of the biaryl and 
therefore sensitive to the dihedral angle of the biaryl phosphite group. Accordingly, the 
use of ligands L30d-e (entries 15 and 16), which also contains S-biaryl phosphite 
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Table 4.2.1. Initial ligand screening of Pd-catalyzed decarboxylative protonation of S1. 
 
Entry a Ligand Time (min) Conversion (%) b ee (%) c 
1 1 60 100 37 (+) 
2 L1a 60 100 1 (+)  
3 L2a 60 100 2 (+) 
4 L3a 60 100 1 (+) 
5 L4a 60 100 3 (+) 
6 L26a 60 100 4 (+) 
7 L27a 60 100 3 (+) 
8 L28a 60 100 10 (+) 
9 L29a 60 100 18 (+) 
10 L29b 60 100 11 (+) 
11 L29c 60 100 38 (+) 
12 L30a 60 100 20 (+)  
13 L30b 60 100 9 (+) 
14 L30c 120 100 49 (+) 
15 L30d 60 100 5 (+) 
16 L30e 60 100 4 (+) 
17 L31a 120 100 3 (+) 
18 L32a 120 100 1 (-) 
19 L33a 120 100 1 (-) 
20 L34a 120 100 8 (-) 
21 L35a 120 100 17 (-) 
22 L36a 120 100 2 (-) 
23 L37a 120 100 2 (-) 
a Reaction conditions: 50 mg substrate (0.125 mmol), 5 mol% Pd2(dba)3.CHCl3, 12.5 mol% 
Ligand, 2.5 eq. Meldrum’s acid. b Determined by 1H NMR. c Determined by SFC 
 
 
Optimization of the reaction conditions. We next optimized the reaction conditions 
for ligand L30c, that had provided the best results (Table 4.2.2). The screening of seven 
solvents (toluene, chloroform, dichloromethane, 1,4-dioxane, tetrahydrofuran, diethyl 
ether and methyl tert-butyl ether (MTBE)) showed that enantioselectivities were higher 
when coordinating solvents were used (Table 4.2.2, entries 1, 4-7 vs 2-3).  
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Table 4.2.2. Reaction optimization: solvent and temperature with ligand L30c. 
 
Entry a Solvent Temp 
(ºC) 
Time (h) Conversion 
(%) b 
ee (%) c 
1 toluene 23 2 100 (94) 49 (+) 
2 CHCl3 23 1 <5 (nd) 5 (+) 
3 CH2Cl2 23 1 100 (93) 17 (+) 
4 1,4-dioxane 23 1 100 (93) 54 (+) 
5 THF 23 1 100 (94) 46 (+) 
6 Et2O 23 1 100 (64) 63 (+) 
7 MTBE 23 1 100 (60) 70 (+) 
8 MTBE:dioxane (2:1) 23 1 100 (92) 50 (+) 
9 MTBE:dioxane (4:1) 23 1 100 (93) 33 (+) 
10 MTBE:toluene (1:1) 23 1 100 (91) 36 (+) 
11d MTBE 23 1 100 (92) 66 (+) 
12e MTBE 23 3 100 (93) 70 (+) 
13e MTBE 5 3 100 (92) 78 (+) 
14e MTBE -20 3 43 (nd) 63 (+) 
15e 1,4-dioxane 40 1 97 (nd) 17 (+) 
a Reaction conditions: 50 mg substrate (0.125 mmol), 5 mol% Pd2(dba)3.CHCl3, 12.5 mol% L30c, 
2.5 eq. Meldrum’s acid. b Determined by 1H NMR. c Determined by SFC. d Substrate and Meldrum’s 
acid added as solids. e Catalyst precursor, ligand, Meldrum’s acid and substrate all together in the 
Schlenk without catalyst preactivation.  
 
Of them, MTBE had the highest positive effect on enantioselectivity (ee’s increased to 
70%; Table 4.2.2, entry 7), albeit with isolated yields up to 64%. This lower yield with 
MTBE were attributed to the difficulty of a quantitative transfer of the substrate solution 
to the catalyst mixture due to the low solubility of the substrate in MTBE. To improve 
the yields, we added both Meldrum’s acid and substrate as solids to the preactivated 
solution of the catalyst precursor and ligand. This increased the isolated yields while 
maintaining the enantioselectivity up to 70% (entry 11). Another tested strategy, 
namely using mixtures of solvents (entries 8-10), was not successful and 
enantioselectivity decreased although yields were higher than when using MTBE alone. 
We also found that catalyst did not need to be preactivated to achieve high yields and 
enantioselectivities, albeit the reaction time required to achieve full conversions, 
increased (entry 12). 
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Finally, we studied the effect of the temperature. By decreasing the temperature to 5ºC, 
enantioselectivity increased up to 78% while maintaining the excellent yield (Table 4.2.2, 
entry 13 vs entry 12). Further decreasing the temperature to -20 ºC did not improve 
neither conversion nor enantioselectivity and these were even worse (Table 4.2.2, entry 
14). We also tested the reaction at 40ºC, since the literature indicated that higher 
temperatures could provide better enantioselectivities7c but enantioselectivity did not 
improve further. (Table 4.2.2, entry 15).  
 
Substrate scope. After optimizing the reaction, we tested a wide substrate scope. 
Substrates S1-S11 with different electronic and steric aryl substituents on the oxindole 
core were studied. The results (Figure 4.2.2) underline the importance of bulkiness and 
of the presence of electron donating substituents in the selectivity. The best 
enantioselectivities (ee's up to 78%) were therefore obtained with the bulkiest and 
electronically rich substrates S1 and S2. When other substrates that had less bulky aryl 
substituents (S3 and S4) were tested, enantioselectivity decreased due to the removal 
of one ortho substituent. Comparing the results for S3 with those of S4 we can also 
determine that substituents at meta-position have almost no effect on the catalytic 
performance. When the electron-donating methoxy group in para-position was removed 
(S5), enantioselectivity decreased but it was higher than those without two substituents 
in ortho-position (S3 and S4). These results indicate that the substituent in the para 
position also plays a small but crucial role. As expected, when non-ortho substituted 
aryl groups were studied (S6 and S7) almost racemic compounds (8 and 9) were 
attained.  
The importance of an ortho-ethereal substituent was corroborated by its sequential 
replacement by methyl groups. Products 10 and 11 were obtained with lower 
enantioselectivities than 3 and 7, respectively. Accordingly, substrates with ortho-
substituted naphthyl groups (S10 and S11) provided moderate levels of 
enantioselectivities, comparable to those found when using S3 and S4 (ee’s up to 28% 
and 15% respectively). As a summary, for enantioselectivities to be high, the aryl group 
of the substrate must contain substituents in ortho and para positions, that are, at the 





UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 






Figure 4.2.2. Pd-decarboxylative protonation of S1-S11.  Reaction conditions: substrate 
(0.125 mmol), 5 mol% Pd2(dba)3.CHCl3, 12.5 mol% L30c, 2.5 eq. Meldrum’s acid. aReaction 
carried out at 5ºC b Reaction carried out in Et2O due to insolubility of S2 and S11 in MTBE. 
4.2.2.3. Study of the key intermediate. Theoretical studies   
Although the mechanism for the asymmetric decarboxylative allylation of allyl -
ketoesters by Pd catalysts has been investigated both experimentally and 
computationally, the mechanism for decarboxylative protonation is still not understood. 
The current mechanistic proposal for decarboxylative protonation mainly relies on some 
preliminary kinetic experiments developed by Stoltz.8b On the other hand, based on 
experimental results, Guiry et al. have proposed that in the key Pd-enolate intermediate 
using ligand 1, the preferentially attack of the proton electrophile through one of the 
enolate faces is controlled by both the oxazoline substituent and the presence of the 
ortho substituents in the aryl group.7a However, this type of interaction cannot explain 
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our experimental results that show that for enantioselectivities to be high, the aryl group 
of the substrate must contain substituents at both ortho and para positions. So, further 
studies are required to elucidate the mechanism and the origin of enantioselectivity.   
Recent DFT studies by Stoltz et al.13 have demonstrated that for the Pd-decarboxylative 
allylation of allyl -ketoesters the enantioselective step is the nucleophilic attack of the 
enolate to the allyl system via an inner-sphere mechanism. Similarly, they have also 
postulated that in the Pd-decarboxylative protonation, the enantioselective step is the 
outer-sphere protonation of the prochiral enolate formed by the decarboxylation of the 
keto ester8b (in our caseamido ester). Based on these previous studies and in 
attempt to explain the enantioselectivity achieved in the Pd-decarboxylative protonation 
of S1 using Pd-L30c catalyst, we performed a computational study of the transition 
states arising from the outer-sphere protonation to the enolate-intermediates involved 
in the enantiocontrol. In accordance to what has already been described in the 
literature,12 only the two Pd-enolates trans to the phosphite moiety (named Pd-enolate 
A and Pd-enolate B; Figure 4.2.3) were taken into account. 
Calculations have been carried out using the Gaussian 09 program14, employing B3LYP-
D3 density functional15, the 6-31G*/LAN2DZ basis set16, and the PCM solvent model with 
the parameters17 for Et2O, as implemented by Gaussian 09. We chose diethyl ether 
conditions because experimental results are the closest to those obtained with MTBE. 




Figure 4.2.3. Two possible Pd-enolate intermediates for the decarboxylative protonation of 
S1 (A and B). 
Table 4.2.3 shows the calculated energies of the most stable isomers of the transitions 
states (TSre and TSsi). These transition states are the result of considering the 
protonation attack from both Pd-enolate intermediates through the re face and the si 
face, respectively. The results show that the most stable transition state is TSre-B, which 
provides the S-product. We also found that the difference in energy between the most 
stable transition state for the major (TSre-B) and the minor (TSsi-B) product is 9.3 kJ/mol 
(Table 4.2.3), which agrees with the enantioselectivities achieved experimentally (70% 
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ee) using the Pd/L30c. Both enantiomers therefore arise from the protonation attack 
through the different enantiotopic faces of Pd-enolate B, being the protonation through 
Pd-enolate A significantly higher in energy.  
 
Table 4.2.3. Calculated energies for the 4 possible TS of Pd-decarboxylative protonation 
of S1. 
















In collaboration with Prof. Guiry, we have been able to develop the first catalytic 
asymmetric preparation of tertiary sterically hindered -aryl oxindoles via 
enantioselective Pd-catalyzed decarboxylative protonation of the corresponding -aryl-
-amido allyl esters. The method utilizes readily accessible -aryl--amido allyl esters 
and commercially available Meldrum’s acid as the proton donor. The reaction occurs 
under very mild conditions and in short reaction times, providing excellent yields and 
promising enantioselectivities (ee’s up to 78%). In contrast to the Pd-decarboxylative 
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protonation for synthesizing chiral isoflavanones and -aryl cyclic ketones, phosphine-
oxazoline PHOX-based ligands have provided low selectivity. After the screening of three 
large series of phosphite-N (N=oxazoline and pyridine) ligand families we found that the 
best results were obtained with a readily accessible phosphite-pyridine ligand library. 
The introduction of an enantiopure biaryl phosphite moiety played an essential role in 
increasing the enantioselectivity of the Pd-catalytic systems. An important advantage 
over PHOX based-ligands is that these phosphite-pyridine ligands are stable to air and 
therefore easier to handle, manipulate and store. As far as the substrates is concerning, 
for enantioselectivities to be high, the aryl group of the substrate must contain 
substituents in ortho and para-positions, that are, at the same time, strongly electron-
donators. In this study we have been therefore able to identify a readily accessible 
phosphite-pyridine palladium catalytic system (Pd–L30c) that can be used in the 
preparation of hindered and electronrich -aryl oxindoles with excellent yields (up to 
96%) and promising enantioselectivities (ee’s up to 78%).  
Using DFT calculations, we have been able to see that the most stable transition state is 
that in which the protonation occurs from the re-face of the prochiral Pd-enolate (TSre-
B), providing the S-product. 
 
4.2.4. Experimental Part 
4.2.4.1. General Considerations 
All reactions were performed under an inert atmosphere of nitrogen in flame-dried 
glassware with magnetic stirring. All reagents were obtained from commercial sources 
and used without further purification unless otherwise stated. Anhydrous methyl tert-
butyl ether (MTBE) was dried refluxing it over sodium and benzophenone. All other 
solvents were obtained from dry solvent dispenser. Aryl lead triacetates (ArPb(OAc)3) 
were synthesized according to literature procedures.7a -aryl--amido allyl esters S1 and 
S3-S11 have been synthesized and characterized following a reported procedure.9 
Pd2dba3.CHCl3 was freshly synthesized following reported method.18 Meldrum’s acid was 
recrystallized from ethyl acetate before its use. Ligands 1,7a L1-L4,11a L26-L2911d and 
L30-L3711h were prepared as previously described. Hydroxyl-pyridine intermediate for 
the preparation of ligands L30e was prepared following the reported procedure.11h 
Phosphorochloridite was easily prepared in one step from the corresponding 
binaphthol.19 In vacuo refers to the evaporation of solvent under reduced pressure on a 
rotatory evaporator. Thin layer chromatography (TLC) was performed on aluminum 
plates precoated with silica gel F254. They were visualized with UV-light (254 nm) 
fluorescence quenching, or by charring with acidic vanillin solution (vanillin, H2SO4 in 
ethanol). []D20 values have been determined using PE MC240 apparatus with a sodium 
(Na) lamp at 589 nm. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded using a 400 
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MHz spectrometer. Chemical shifts are relative to that of SiMe4 (1H and 13C) as internal 
standard or H3PO4 (31P) as external standard. 1H, 13C and 31P assignments were made on 
the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC experiments. 
4.2.4.2. General procedure for phosphite-pyridine ligands L30e 
The corresponding phosphorochloridite (1.1 mmol) produced in situ was dissolved in 
toluene (5 mL) and pyridine (0.19 mL, 2.3 mmol) was added. The corresponding 
hydroxyl-pyridine compound (1 mmol) was dried azeotropically with toluene (3 x 2 mL) 
and then dissolved in toluene (5 mL) to which pyridine (0.19 mL, 2.3 mmol) was added. 
The phosphorochloridite solution was transferred slowly at room temperature to the 
solution of hydroxyl-pyridine. Reaction was left at 80ºC for 90 min. Pyridine salts were 
removed through filtration. Evaporation of the solvent gave white foam, which was 
purified by flash chromatography under argon in dry alumina (toluene:hexane: NEt3, 
5:5:0,1) to produce the corresponding ligand as a white solid. 
 
L30e: Yield: 345.9 mg (56%); 31P NMR (C6D6): 136.8 ppm (s); 1H NMR (C6D6): = 
1.1-1.3 (m, 6H, CH2), 1.38 (s, 9H, CH3, tBu), 1,45 (d, 3H, CH3, 3JH-H = 6.7 Hz), 1.57 (s, 
9H, CH3, tBu), 2.1-2.6 (m, 10H, CH2), 5.35 (m, 1H, CH-O), 6.54 (m, 1H, CH=), 6,9-7.21 
(m, 4H, CH=), 8.3 (m, 1H, CH=). 13C NMR (C6D6):  22.7 (CH2), 22.9 (CH2), 23.1 (CH2), 
23.2 (CH2), 23.6 (CH3), 27.2 (CH2), 27.5 (CH2), 29.5 (CH2), 29.6 (CH2), 30.8 (CH3, tBu), 
31.0 (CH3, tBu), 34.3 (C, tBu), 34.6 (C, tBu), 75.7 (d, CH-O, 2JC-P = 9.3 Hz), 119.7 (CH=), 
121.7 (CH=), 125.3 (C), 128.9 (CH=), 130.1 (C), 130.9 (C), 132.3 (C), 132.9 (C), 134.8 
(C), 135.1 (C), 135.8 (CH=), 137.8 (C), 138.3 (C), 145.0 (C), 145.4 (C), 148.6 (CH=), 
162.9 (C). MS HR-ESI [found 557.3062, C35H44NO3P (M)+ requires 557.3059].  
 
4.2.4.3. Characterization details for (2,4,6-triethoxyphenyl)lead triacetate and 
allyl 1-methyl-2-oxo-3-(2’,4’,6’-triethoxyphenyl)indoline-3-carboxylate S2  
 
(2,4,6-triethoxyphenyl)lead triacetate: Yield: 3.56 g (50%) as bright yellow 
crystalline solid. 1H NMR (CDCl3): = 1.39 (m, 9H, CH3, OEt), 2.05 (s, 9H, CH3, OAc), 
3.99 (q, 2H, CH2, OEt, 3JH-H= 5.6 Hz), 4.02 (q, 4H, CH2, OEt, 3JH-H= 6.8 Hz), 6.18 (s, 2H, 
CH=, 4JH-Pb= 84.8 Hz), 13C NMR (CDCl3): = 14.3 (CH3, OEt), 14.6 (CH3, OEt), 20.4 (CH3, 
OAc), 64.0 (CH2, OEt), 64.8 (CH2, OEt), 92.9 (CH=, 3JC-Pb= 43.2 Hz), 159.5 (C), 163.9 
(C), 179.0 (C-Pb).  TOF-HRMS (ESI+): m/z = 595.1421, calcd. for C18H26O9Pb [M+H]+ : 
595.1418. 
 
allyl 1-methyl-2-oxo-3-(2’,4’,6’-triethoxyphenyl)indoline-3-carboxylate S2: 
Yield: 850.6 mg (80%) as yellowish solid. 1H NMR (DMSO d6, 100ºC):  1.14 (b, 6H, 
CH3, OEt), 1.30 (t, 3H, CH3, OEt, 3JH-H= 8.0 Hz), 3.16 (s, 3H, NCH3), 3.90 (b, 4H, CH2, 
OEt), 4.04 (q, 1H, CH2, OEt, 3JH-H= 8.0 Hz), 4.53 (m, 2H, CH2allyl), 5.11 (m, 2H, 
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CH2allyl), 5.80 (m, 1H, CHallyl), 6.18 (s, 2H, CH=), 6.93 (m, 2H, CH=), 7.21 (m, 2H, 
CH=). 13C NMR (DMSO d6, 100ºC): = 14.7 (CH3, OEt), 14.9 (CH3, OEt), 26.9 (CH3, 
NCH3), 60.0 (C), 63.9 (CH2, OEt), 64.5 (CH2, OEt), 65.5 (CH2, OEt), 93.9 (CH=), 94.0 
(CH=), 108.0 (CH=), 108.5 (C), 117.3 (CH=), 122.3 (CH=), 124.9 (CH=), 128.4 (CH=), 
130.4 (CH=), 132.8 (CH=), 144.2 (C), 158.3 (C), 160.127 (C), 168.3 (C=O), 172.3 
(C=O). TOF-HRMS (ESI+): m/z = 440.2073, calcd. for C25H30NO6 [M+H]+ : 440.2069. 
 
4.2.4.4. General procedure for racemic protonated compounds (3-13) 
Pd(OAc)2 (0.0063 mmol) and 1,2-bis(diphenylphosphino)ethane (dppe) (0.0078 mmol) 
were added to a flame dried Schlenk flask and dry 1,4-dioxane (1.5 ml) were added. The 
suspension was stirred at 40ºC for 90 min and formic acid (0.37 mmol) was added 
followed immediately by a solution of the corresponding substrate (0.063 mmol) in 1,4-
dioxane (1.5 ml). The reaction mixture was stirred at 40ºC for 10h, cooled to room 
temperature and solvent was removed under vacuum and the resulting residue was 
purified by silica gel column chromatography (pentane:EtOAc) to afford the 
corresponding -aryl oxindole. 
4.2.4.5. General procedure for enantioenriched protonated compounds (3-13) 
 
Pd2(dba)3.CHCl3 (0.0125 mmol, 6.6 mg) , phosphite-pyridine L30c (0.016 mmol, 9 mg), 
substrate (0.125 mmol), meldrum’s acid (2.5 eq, 0.31 mmol, 42.4 mg) were added to a 
flame dried Schlenk flask and dry methyl tert-buthyl ether (MTBE) (for S1, S3-S10) or 
diethyl ether (for S2 and S11) (5 ml) were added. The suspension was stirred at room 
temperature for 3 hours. The solvent was removed under vacuum and the resulting 
residue was purified by silica gel column chromatography (pentane: EtOAc), to achieve 
the corresponding product.  
 
1-methyl-3-(2',4',6'-trimethoxyphenyl)indolin-2-one 3: Yield: 36.4 mg (93%) as 
yellowish solid. []D20: +24.4º ( c 0.82 in CH2Cl2) for 70% ee); 1H NMR (CDCl3): = 3.32 
(s, 3H, NCH3), 3.41 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 5.08 (s, 1H, 
CH), 6.03 (d, 4JH-H= 2.6 Hz, 1H, CH=), 6.21 (d, 4JH-H= 2.6 Hz, 1H, CH=), 6.8 (d, 3JH-H= 
10.5 Hz, 1H, CH=), 6.95 (m, 2H, CH=), 7.2 (t, 3JH-H= 10.6 Hz, 1H, CH=). 13C NMR 
(CDCl3): = 26.1 (CH3, NCH3), 42.0 (CH), 55.2 (CH3, OCH3), 56.1 (CH3, OCH3), 91.1 
(CH=), 92.0 (CH=), 106.8 (C), 107.1 (CH=), 122.0 (CH=), 123.1 (CH=), 127.1 (CH=), 
130.2 (C), 144.2 (C), 158.3 (C), 159.1 (C), 160.3 (C), 178.0 (C=O). TOF-HRMS (ESI+): 
m/z = 314.1389, calcd. for C18H20NO4 [M+H]+ : 314.1392. ee determined by SFC using 
Chiralcel IC-3 column (flow: 3 ml/min, 70:30 scCO2:MeOH; = 254.0 nm). Tr (+): 1.71 
min (major), Tr (-): 2.29 min (minor). 
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1-methyl-3-(2’,4’,6’-triethoxyphenyl)indolin-2-one 4: Yield: 40.4 mg (91%) as 
white solid (]D20: +30.0º ( c 0.98 in CH2Cl2) for 68% ee); 1H NMR (CDCl3): = 0.89 (t, 
3H, CH3, OEt, 3JH-H= 6.8 Hz), 1.38 (t, 3H, CH3, OEt, 3JH-H= 7.2 Hz),  1.41 (t, 3H, CH3, OEt, 
3JH-H= 7.2 Hz), 3.26 (s, 3H, NCH3), 3.56 (m, 1H, CH2, OEt), 3.78 (m, 1H, CH2, OEt), 4.05 
(m, 2H, CH2, OEt), 4.11 (m, 2H, CH2, OEt), 5.12 (s, 1H, CH), 5.97 (d, 1H, CH=, 4JH-H= 
2.0 Hz), 6.18 (d, 1H, CH=, 4JH-H= 2.4 Hz), 6.80 (d, 1H, CH=, 3JH-H= 7.2 Hz), 6.95 (m, 
2H, CH=), 7.22 (m, 1H, CH=). 13C NMR (CDCl3): = 14.2 (CH3, OEt), 14.8 (CH3, OEt), 
14.9 (CH3, OEt), 26.2 (CH3, NCH3), 42.1 (CH), 63.4 (CH2, OEt), 64.2 (CH2, OEt), 92.0 
(CH=), 92.2 (CH=), 107.0 (CH=), 121.8 (C), 123.2 (CH=), 127.0 (CH=), 130.5 (C), 
144.6 (C), 158.0 (C), 158.7 (C), 159.9 (C), 178.0 (C=O). TOF-HRMS (ESI+): m/z = 
356.1862, calcd. for C21H26NO4 [M+H]+: 356.1860. ee determined by SFC using 
Chiralpack IA column (flow: 3 ml/min, 90:10 scCO2:MeOH; = 254.0 nm). Tr (-): 1.55 
min (minor), Tr (+): 2.42 min (major). 
 
1-methyl-3-(2’,3’,4’-trimethoxyphenyl)indolin-2-one 5: Yield: 31.3 mg (80%) as 
white solid ([]D20: +3.5º ( c 0.77 in CH2Cl2) for 23% ee); 1H NMR (CDCl3): = 3.28 (s, 
3H, NCH3), 3.62 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 4.62 (s, 1H, 
CH), 6.6 (d, 3JH-H= 6.4 Hz, 1H, CH=), 6.8 (d, 3JH-H= 6.8 Hz, 1H, CH=), 6.88 (d, 3JH-H= 
6.5 Hz, 1H, CH=), 7.0 (m, 2H, CH=), 7.24 (m, 1H, CH=). 13C NMR (CDCl3): = 26.1 
(CH3, NCH3), 48.0 (CH), 56.1 (CH3, OCH3), 60.2 (CH3, OCH3), 107.4 (CH=), 107.9 (CH=), 
122.4 (CH=), 124.0 (C), 124.2 (CH=), 124.4 (CH=), 128.0 (CH=), 130.1 (C), 142.1 (C), 
144.2 (C), 152.3 (C), 153.9 (C), 176.2 (C=O). TOF-HRMS (ESI+): m/z = 314.1387, 
calcd. for C18H20NO4 [M+H]+: 314.1392. ee determined by SFC using Chiralcel IC-3 
column (flow: 3 ml/min, 70:30 scCO2:MeOH; = 254.0 nm). Tr (+): 2.77 min (major), 
Tr (-): 5.85 min (minor). 
 
3-(2’,4’-dimethoxyphenyl)-1-methylindolin-2-one 6: Yield: 33.3 mg (85%) as 
yellowish solid ([]D20: +2.40º ( c 0.75 in CH2Cl2) for 26% ee); 1H NMR (CDCl3): = 3.27 
(s, 3H, NCH3), 3.68 (s. CH3, OCH3), 3.80 (s, 3H, OCH3), 4.80 (s, 1H, CH), 6.48 (m, 2H, 
CH=), 6.83 (d, 3JH-H= 6.8 Hz, 1H, CH=), 6.94 (m, 2H, CH=), 7.02 (m, 1H, CH=), 7.25 
(m, 1H, CH=). 13C NMR (CDCl3): = 26.1 (CH3, NCH3), 47.1 (CH), 55.5 (CH3, OCH3), 
55.8 (CH3, OCH3), 99.1 (CH=), 104.3 (CH=), 107.8 (CH=), 118.1 (C), 122.0 (CH=), 
124.1 (CH=), 127.9 (CH=), 129.9 (C), 130.1 (CH=), 144.1 (C), 158.3 (C), 160.2 (C), 
176.8 (C=O). TOF-HRMS (ESI+): m/z = 284.1282, calcd. for C17H18NO3 [M+H]+: 
284.1287. ee determined by SFC using Chiralcel IC-3 column (flow: 3 ml/min, 90:10 
scCO2:MeOH; = 254.0 nm). Tr (+): 7.43 min (major), Tr (-): 8.19 min (minor). 
 
3-(2’,6’-dimethoxyphenyl)-1-methylindolin-2-one 7: Yield: 29.4 mg (83%) as 
white solid ([]D20: +14.6º (c= 0. 28 in CH2Cl2) for 46% ee); 1H NMR (CDCl3): = 3.28 
(s, 3H, NCH3), 3.44 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 5.16 (s, 1H, CH), 6.44 (d, 3JH-H= 
6.5 Hz, 1H, CH=), 6.64 (d, 3JH-H= 6.6 Hz, 1H, CH=), 6.82 (d, 3JH-H = 6.8 Hz, 1H, CH=), 
6.92 (m, 2H, CH=), 7.1 (m, 2H, CH=). 13C NMR (CDCl3): = 26.0 (CH3, NCH3), 42.0 
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(CH), 56.1 (CH3, OCH3), 104.1 (CH=), 105.2 (CH=), 107.5 (CH=), 114.2 (C), 122.0 
(CH=), 123.7 (CH=), 127.7 (CH=), 129.1 (CH=), 130.0 (C), 144.2 (C), 158.1 (C), 159.0 
(C), 176.7 (C=O). TOF-HRMS (ESI+): m/z = 284.1280, calcd. for C17H18NO3 [M+H]+: 
284.1287. ee determined by SFC using Chiralcel IC-3 column (flow: 3 ml/min, 90:10 
scCO2:MeOH; = 254.0 nm). Tr (+): 6.75 min (major), Tr (-): 7.52 min (minor).  
 
3-(4’-methoxyphenyl)-1-methylindolin-2-one 8: Yield: 30.4 mg (96%) as white 
solid (9% ee); 1H NMR (CDCl3): = 3.24 (s, 3H, NCH3), 3.78 (s, 3H, OCH3), 4.57 (s, 1H, 
CH), 6.87 (m, 3H, CH=), 7.06 (m, 1H, CH=), 7.15 (m, 3H, CH=), 7.33 (m, 1H, CH=). 
13C NMR (CDCl3): = 26.1 (CH3, NCH3), 51.1 (CH), 55.2 (CH3, OCH3), 108.0 (CH=), 114.2 
(CH=), 122.5 (CH=), 124.8 (CH=), 128.0 (CH=), 128.2 (C), 129.0 (C), 129.5 (CH=), 
144.2 (C), 159.0 (C), 176.0 (C=O). TOF-HRMS (ESI+): m/z = 254.1181, calcd. for 
C16H17NO2 [M+H]+: 254.1173. ee determined by SFC using Chiralcel IC-3 column (flow: 
3 ml/min, 70:30 scCO2:MeOH; = 254.0 nm). Tr (+): 1.79 min (major), Tr (-): 2.04 min 
(minor).  
 
3-(benzo[d][1,3]dioxol-5-yl)-1-methylindolin-2-one 9: Yield: 31.7 mg (95%) as 
yellowish solid (1% ee); 1H NMR (CDCl3): = 3.26 (s, 3H, NCH3), 4.51 (s, 1H, CH), 5.91 
(s, 2H, CH2), 6.60 (s, 1H, CH=), 6.69 (m, 1H, CH=), 6.76 (m, 1H, CH=), 6.87 (d, 3JH-H 
= 6.4 Hz, 1H, CH=), 7.08 (t, 3JH-H = 6.5 Hz, 1H, CH=), 7.18 (d, 3JH-H = 6.6 Hz, 1H, CH=), 
7.35 (t, 3JH-H = 6.7 Hz, 1H, CH=). 13C NMR (CDCl3): = 26.1 (CH3, NCH3), 51.5 (CH), 
101.2 (CH2), 108.0 (CH=), 108.2 (CH=), 122.0 (CH=), 122.8 (CH=), 124.8 (CH=), 
128.3 (CH=), 128.5 (C), 130.0 (C), 144.2 (C), 147.1 (C), 148.0 (C), 176.0 (C=O). TOF-
HRMS (ESI+): m/z = 268.0967, calcd. for C16H14NO3 [M+H]+: 268.0974. ee determined 
by SFC using Chiralcel IC-3 column (flow: 3 ml/min, 70:30 scCO2:MeOH; = 254.0 nm). 
Tr (+): 1.88 min (major), Tr (-): 2.07 min (minor). 
 
3-(2’-methoxy-4’,6’-dimethylphenyl)-1-methylindolin-2-one 10: Yield: 30.6 mg 
(87%) as white solid (7% ee); 1H NMR (CDCl3): = 1.62 (s, 3H, CH3), 2.49 (s, 3H, CH3), 
3.31 (s, 3H, NCH3), 3.68 (s, 3H, OCH3), 4.67 (s, 1H, CH), 6.41 (s, 1H, CH=), 6.72 (s, 
1H, CH=), 6.83 (m, 2H, CH=), 6.93 (m, 2H, CH=). 13C NMR (CDCl3): = 20.3 (CH3), 
21.6 (CH3), 26.1 (CH3, NCH3), 46.2 (CH), 56.0 (CH3, OCH3), 107.6 (CH=), 109.7 (C), 
111.1 (CH=), 122.0 (CH=), 122.2 (C), 122.8 (CH=), 123.6 (CH=), 124.2 (C), 127.5 
(CH=), 138.1 (CH=), 144.1 (C), 157.3 (C), 177.8 (C=O). TOF-HRMS (ESI+): m/z = 
284.1280, calcd. for C17H18NO3 [M+H]+: 284.1287. ee determined by SFC using Chiralcel 
IC-3 column (flow: 3 ml/min, 85:15 scCO2:MeOH; = 210.0 nm). Tr (+): 2.78 min 
(major), Tr (-): 3.17 min (minor). 
 
3-(2’,6’-dimethylphenyl)-1-methylindolin-2-one 11: Yield: 29.2 mg (93%) as 
white solid (2% ee); 1H NMR (CDCl3): = 1.64 (s, 3H, CH3), 2.58 (s, 3H, CH3), 3.32 (s, 
3H, NCH3), 5.05 (s, 1H, CH), 6.9 (m, 3H, CH=), 6.97 (m, 1H, CH=), 7.12 (m, 2H, CH=), 
7.30 (m, 1H, CH=). 13C NMR (CDCl3): = 18.6 (CH3), 21.8 (CH3), 26.2 (CH3, NCH3), 48.1 
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(CH), 107.9 (CH=), 122.5 (CH=), 122.8 (CH=), 127.8 (CH=), 127.9 (CH=), 128.1 
(CH=), 128.2 (CH=), 128.3 (C), 129.5 (CH=), 133.5 (C), 137.2 (C), 138.0 (C), 142.0 
(C), 176.1 (C=O). TOF-HRMS (ESI+): m/z = 252.1385, calcd. for C17H19NO [M+H]+: 
252.1388. ee determined by SFC using Chiralcel IC-3 column (flow: 3 ml/min, 90:10 
scCO2:MeOH; = 254.0 nm). Tr (+): 3.02 min (major), Tr (-): 4.31 min (minor). 
 
1-methyl-3-(2’-phenoxynaphthalen-1-yl)indolin-2-one 12: Yield: 33.2 mg (70%) 
as yellowish solid ([]D20: +47.5º ( c= 0.61 in CH2Cl2) for 28% ee); 1H NMR (CDCl3): = 
2.68 (s, 3H, NCH3), 4.80 (d, 2JH-H = 11.4Hz, 1H, CH2) 4.85 (d, 2JH-H = 11.4 Hz, 1H, CH2), 
5.29 (s, 1H, CH), 6.61 (d, 3JH-H = 6.4 Hz, 1H, CH=), 6.92 (m, 4H, CH=), 7.27 (m, 6H, 
CH=), 7.43 (m, 1H, CH=), 7.61 (m, 1H, CH=), 7.85 (m, 1H, CH=), 8.15 (d, 3JH-H = 6.8 
Hz, 1H, CH=). 13C NMR (CDCl3): = 25.6 (CH3, NCH3), 44.6 (CH), 70.7 (CH2), 107.8 
(CH=), 114.1 (CH=), 118.9 (C), 121.9 (CH=), 122.3 (CH=), 123.2 (CH=), 123.6 (CH=), 
127.3 (CH=), 127.9 (C), 128.3 (CH=), 128.5 (C), 128.6 (CH=), 128.8 (CH=), 129.4 
(CH=), 129.5 (CH=), 129.6 (CH=). 134.1 (C), 136.2 (C), 144.6 (C), 153.8 (C), 177.1 
(C=O). TOF-HRMS (ESI+): m/z = 380.1651, calcd. for C26H22NO2 [M+H]+: 380.1638. ee 
determined by SFC using Chiralcel IC-3 column (flow: 3 ml/min, 70:30 scCO2:MeOH; = 
254.0 nm). Tr (+): 2.9 min (major), Tr (-): 3.23 min (minor). 
 
3-(2’-methoxynaphthalen-1-yl)-1-methylindolin-2-one 13: Yield: 30.3 mg (80%) 
as white solid ([]D20: +25.2º ( c= 0.61 in CH2Cl2) for 15% ee); 1H NMR (CDCl3): = 
3.37 (s, 3H, NCH3), 3.61 (s, 3H, OCH3), 5.28 (s, 1H, CH), 6.90 (m, 3H, CH=), 7.21 (m, 
2H, CH=), 7.42 (m, 1H, CH=), 7.58 (m, 1H, CH=), 7.85 (m, 2H, CH=), 8.15 (d, 3JH-H = 
7.0 Hz, 1H, CH=). 13C NMR (CDCl3): = 26.6 (CH3, NCH3), 44.5 (CH), 57.2 (CH3), 107.5 
(CH=), 114.6 (CH=), 122.1 (CH=), 122.4 (CH=), 122.6 (C), 122.8 (C), 123.4 (CH=), 
122.3 (CH=), 123.7 (CH=), 126.9 (C), 127.7 (CH=), 128.6 (C), 129.6 (CH=), 130.1 
(CH=). 133.9 (C), 154.7 (C), 177.0 (C=O). TOF-HRMS (ESI+): m/z = 303.1259, calcd. 
for C20H18NO2 [M+H]+: 303.1265. ee determined by SFC using Chiralcel IC-3 column 
(flow: 3 ml/min, 90:10 scCO2:MeOH; = 254.0 nm). Tr (+): 9.63 min (major), Tr (-): 
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The enantioselective hydrogenation of olefins is one of the most powerful and sustainable 
transformation in asymmetric catalysis for preparing optically pure compounds due to 
its high efficiency, atom economy and operational simplicity. 
As we presented in the introduction (Chapter 3), whereas the reduction of olefins 
containing an adjacent polar group catalyzed by Rh and Ru has been widely studied, the 
hydrogenation of minimally functionalized olefins catalyzed by Ir catalysts is less 
developed. 
In this field, most of the efficient Ir-complexes are based on P,N ligands, more specifically 
phosphine-oxazoline ligands since the first breakthrough presented by Pfaltz et al. in 
1998 with the phosphine-oxazoline PHOX ligands. Since then, most of the studies have 
been based on replacing the phosphine moiety by phosphinite, phosphite and even 
carbene moieties, whereas oxazoline unit has been replaced by thiazoline, thiazole, 
oxazole and pyridine. Although high enantioselectivities have been achieved using P,N 
ligands, these Ir-catalysts are still highly substrate dependent.  
In our group, we have contributed in this field with the successful application of 
phosphite-containing ligands. In our laboratories, we have prepared and applied large 
families of phosphite-oxazolines/thiazolines, oxazoles/thiazoles and pyridines as 
nitrogen donor group. Moreover, recently, we have also demonstrated that N-donor 
group can be replaced by thioether moieties, achieving excellent enantioselectivities with 
a wide range of di- and trisubstituted olefins. 
For that reason, in this chapter we present the application of first and second generation 
of PHOX-type phosphite oxazoline ligands.  
In Section 5.2. we present the application of PHOX-type phosphite-oxazoline L1-L7a-g 
to Ir-catalyzed hydrogenation of minimally functionalized olefins. A wide range of (E)- 
and (Z)-trisubstituted alkenes including examples with neighboring polar groups and 
1,1-disubstituted olefins have been successfully hydrogenated. Moreover, we present 
the first application of PHOX-type phosphite-oxazoline to the hydrogenation of cyclic -
enamides. We found that the introduction of a biaryl phosphite moiety was beneficial in 
terms of substrate scope, achieving excellent enantioselectivities for a wide range of 
substituted olefins. 
In Section 5.3 we present the application of a second generation of phosphite-oxazoline 
ligands L8-L14a-i to Ir-catalyzed hydrogenation of minimally functionalized olefins. As 
in Section 5.2., we have applied these Ir-(P,N) complexes for the hydrogenation of 
several di- and trisubstituted substrates, including examples with neighboring polar 
groups (such as allylic alcohols, acetates, -unsaturated esters and ketones, allylic 
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silanes, vinylboronates and cyclic -enamides). Our purpose is to study if the introduction 
of a second stereogenic center on the ligand backbone is beneficial in terms of substrate 
scope. 
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5.2. Ir-Catalyzed asymmetric hydrogenation of olefins using PHOX-
based phosphite-oxazoline ligands 
 
Magre, M.; Coll, M.; Pàmies, O.; Diéguez, M. Manuscript to be submitted. 
 
Abstract: We have successfully applied new Ir(I)-catalyst precursors ([Ir(cod)(L1-L7a-
g)]BArF), modified with easily accessible PHOX-based phosphite-oxazoline ligands, for the 
asymmetric hydrogenation of demanding minimally functionalized alkenes and cyclic -
enamides. The catalytic results indicated that enantioselectivity is highly affected by the 
ligand parameters as well as the substrate. The new Ir-PHOX-based phosphite-oxazoline 
catalysts have been able to efficiently hydrogenate not only minimally functionalized model 
olefins, but also a wide range of challenging olefins that have recently received a great deal 
of attention because the resulting hydrogenated compounds can be easily stereoselectively 
transformed into high-value organic compounds. The results are among the best reported so 
far.  
5.2.1. Introduction 
The asymmetric hydrogenation of prochiral olefins have turned out to be one of the 
most reliable catalytic methods for the synthesis of optically active compounds, mainly 
because of its perfect atom economy, operational simplicity and high efficiency.1 This 
field has been dominated by the Rh/Ru-catalyzed asymmetric reduction of substrates 
with a good coordinating group close to the C=C bond, which its chelating ability is key 
in transferring the chiral information from the catalysts to the product. Today, a 
remarkable range of ligands are being applied to transform a broad range of 
functionalized substrates. 2  Although, the hydrogenation of cyclic -aryl-N-acetyl 
enamides is still a challenge. In contrast to Rh/Ru-hydrogenation, the asymmetric 
reduction of olefins that do not have an adjacent coordinative polar group - minimally 
functionalized olefins - is still challenging and requires more sophisticated ligand 
design.3 In 1977, Crabtree described the first metal-catalyst ([Ir(cod)(Py)(PCy3)]PF6 
(cod = 1,5-cyclooctadiene)) able to hydrogenate a wide range of minimally 
functionalized olefins.4 On the basis of this pioneering work, Pfaltz and coworkers used 
phosphine-oxazoline PHOX ligands to design [Ir(PHOX)(cod)]BArF, that successfully 
reduced a broad range of chiral minimally functionalized olefins.5 Since then, most of 
the research in this field have been dedicated to develop new Ir-catalysts modified with 
chiral heterodonor P,N-ligands. The first successful P,N ligands contained a phosphine 
or phosphinite moiety as P-donor group and either an oxazoline,6 oxazole,7 thiazole8 or 
pyridine9 as N-donor group. However, these iridium-phosphine/phosphinite,N catalysts 
were still highly substrate-dependent and the development of efficient chiral ligands 
that tolerate a broader range of substrates remained a challenge.  
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The discovery of efficient ligands prepared in a few steps, from simple starting 
materials, easy to handle (solid, robust and air stable) and modular for the M-catalyzed 
asymmetric hydrogenation of minimally functionalized olefins and cyclic -enamides is 
still therefore a relevant topic. Over the last decades, we among others have shown 
the advantages of introducing a biaryl phosphite moiety in the ligand for several metal-
catalyzed asymmetric transformations.10 In general, the use of biaryl-based phosphite 
ligands improves both the ligand’s efficiency and the substrate scope. The main reason 
for this behavior is that the biaryl phosphite group is flexible enough to accommodate 
the chiral pocket of the catalysts to the steric demands of the substrate (see previous 
Section 3.2). It is not surprising therefore that we have recently disclosed that 
phosphite-based PHOX ligands L1-L4 (Figure 5.2.1) can be included in the family of 
privileged ligands not only because of their ability to control the stereochemistry in a 
variety of catalytic processes (i.e. asymmetric Pd-catalyzed Heck 11  and allylic 
substitution12 reactions, asymmetric Ir-catalyzed hydroboration,13 …) but also to their 
exceptionally broad substrate scope. Moreover, phosphite ligands are attractive for 
catalysis because they are less sensitive than phosphines to air and other oxidizing 
agents, they are easy to prepare from commercial alcohols and they are amenable to 
parallel synthesis. All these features make it easier to prepare large series of ligands in 
the quest to maximize catalytic performance for each particular reaction and substrate. 
In this context, we have shown the benefits of using heterodonor phosphite-N ligands 
for the Ir-catalyzed hydrogenation of minimally functionalized olefins,14 which in the 
last decades have become the-state-of-art for the asymmetric hydrogenation of these 
challenging substrates. Thus, the presence of biaryl-phosphite moieties in these P,N-
ligands provided greater substrate versatility than previous Ir-phosphine/phosphinite,N 
catalyst systems. In addition, the potential of Ir-P,N as catalyst for the asymmetric 
hydrogenation of functionalized olefins has been overlooked.15  
In this chapter, we report the successful application of phosphite-based PHOX ligands 
L1-L7a-g (Figure 5.2.1) in the Ir-catalyzed asymmetric hydrogenation of minimally 
functionalized olefins and cyclic β-enamides. Ligands L5-L7 differ from ligands L1-L4 
by a methylene spacer between the oxazoline and the phenyl ring of the ligand 
backbone, and allow studying the effect of the size of the chelate ring than has been 
found to influence the catalytic performance in the hydrogenation of several olefins. 
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Figure 5.2.1. Phosphite-oxazoline ligands L1-L7a-g. 
5.2.2 Results and discussion 
5.2.2.1. Preparation of Ligands 
The synthesis of the new phosphite-oxazoline ligands L1b-e and L3-L4b-c is shown in 
Scheme 5.2.1. As previously described in Sections 3.2 and 3.3, phosphite-oxazoline 
ligands were prepared by coupling the corresponding hydroxyl-oxazoline intermediates 
1-3 with the desired phosphorochloridites (ClP(OR)2; (OR)2 = b-e).  
 
 
Scheme 5.2.1. Synthesis of new phosphite-oxazoline ligands L1b-e and L3-L4b-c. 
All ligands were stable during purification on neutral alumina under an atmosphere of 
argon and they were isolated as white solids. They were stable at room temperature 
and very stable to hydrolysis. HRMS-ESI spectra were in agreement with the assigned 
structures. The 1H and 13C NMR spectra were as expected for these C1 ligands. One 




UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





5.2.2.2. Synthesis of Ir(I) catalyst precursors 
The Ir-catalyst precursors were prepared in a two-step, one-pot procedure (Scheme 
5.2.2). First, [Ir(-Cl)(cod)]2 reacts with one equivalent of the appropriate ligand. 
Then, Cl-/BArF- counterion exchange was achieved by reaction with NaBArF in the 
presence of water. The iridium catalyst precursors were isolated in pure form as air-
stable orange/red solids in excellent yields (90-96%) after simple extraction workup. 
No further purification was needed. The HRMS-ESI spectra were in agreement with the 
assigned structures, displaying the heaviest ions at m/z which correspond to the loss of 
the BArF anion from the molecular species. The 1H, 13C, and 31P NMR spectra show the 
expected pattern for these C1-complexes. The VT-NMR in CD2Cl2 (+35 to -85 °C) 
spectra show that only one isomer is present in solution. In all cases, one singlet in the 
31P-{1H} NMR spectra was observed.  
 
Scheme 5.2.2. Synthesis of Ir-catalyst precursors containing phosphite-oxazoline ligands 
L1-L7a-g. 
5.2.2.3 Asymmetric hydrogenation of trisubstituted olefins 
The asymmetric hydrogenation of minimally functionalized trisubstituted olefins is 
highly dependent on the olefin geometry.4h In this respect, Z-trisubstituted olefins are 
commonly hydrogenated less enantioselectively than the related E-isomers. In order 
to evaluate the efficiency of ligands L1-L7 in the hydrogenation of olefins with 
different geometry, we initially tested them in the asymmetric reduction of the model 
(E)-substrate S1 and the hydrogenation of (Z)-substrate S2 (Table 5.2.1). In general, 
the enantioselectivities were found to be highly dependent on ligand parameters but 
also in the substrate type. While for substrate S1 the best enantioselectivities (ee's up 
to 95%) were obtained with the ligands that contain a methylene spacer between the 
oxazoline and the phenyl ring of the ligand backbone (ligands L5b and L5c, Table 
5.2.1 entries 16 and 17); for substrate S2, the best enantioselectivity (ee's up to 
90%) were obtained with ligand L1g. Regarding the ligand parameters the 
enantioselectivity is dependent on the oxazoline substituents and the 
substituent/configuration of the biaryl phosphite group. With ligands L1-L4 the best 
enantioselectivities were obtained with L3g with a Ph oxazoline substituent and the S 
binaphthyl group (g). Finally, with ligands L5-L7, the best enantioselectivities were 
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therefore obtained with L5b-c, that contain a Ph oxazoline group and the chiral 
binaphthyl groups (b) and (c). From these latter results we can also found that for 
substrate S1, both enantiomers of the hydrogenated product could be therefore 
achieved in high enantioselectivities by simple changing the configuration of the biaryl 
group in ligands L5. 
 





Entry Ligand % Convb % eec  % Convb % eec 
1 L1a 100 72 (R)  100 86 (S) 
2 L1b 100 78 (R)  100 30 (S) 
3 L1c 100 61 (R)  100 85 (S) 
4 L1d 100 25 (R)  100 15 (S) 
5 L1e 100 55 (R)  100 72 (S) 
6 L1f 100 29 (R)  100 0 
7 L1g 100 58 (R)  100 90 (S) 
8 L2a 100 9 (R)  100 47 (S) 
9 L3a 100 0  100 60 (S) 
10 L3b 100 40 (R)  100 78 (R) 
11 L3c 100 15 (S)  100 86 (S) 
12 L4a 100 72 (R)  100 88 (S) 
13 L4b 100 19 (R)  100 17 (S) 
14 L4c 100 44 (R)  100 84 (S) 
15 L5a 100 15 (R)  100 5 (S) 
16 L5b 100 94 (R)  100 17 (R) 
17 L5c 100 95 (S)  100 3 (S) 
18 L6a 100 81 (R)  100 56 (S) 
19 L6b 100 92 (R)  100 3 (R) 
20 L6c 100 65 (S)  100 45 (S) 
21 L7a 100 76 (R)  65 56 (S) 
22 L7b 95 23 (R)  75  24 (S) 
23 L7c 97 0  75 51 (S) 
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 1 mol% of Ir-
catalyst precursor at 50 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion measured 
by 1H NMR after 2 h. c Enantiomeric excesses measured by chiral GC 
 
 
To further establish the extent of the new ligands L1-L7 we first selected a 
representative family of minimally functionalized substrates, some of which contained 
poorly coordinative groups. The results are shown in Figure 5.2.2. We again found that 
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the ligand components must be selected correctly if the enantioselectivity is to be 
highest for each substrate. 
We first considered the reduction of substrates S3-S4, which differ from S1 in the 
substituent in the aryl ring and the substituents trans to the aryl group. 
Advantageously, Ir/L5b-c catalyst precursors are very tolerant to variations in the 
substituents of the aryl ring or to the introduction of a second aryl moiety. Again both 
enantiomers of the hydrogenated products could be obtained in enantioselectivities 
(ee's up to 97%). For the Z-substrates S5 and S6 enantioselectivities were as high as 
79% and 88%, respectively. In addition, comparing the results obtained with S5 and 
S6 we found that the bulkiness of alkyl substituent of the substrate has an important 
effect on enantioselectivity, being the bulkier olefin the one attained in higher 
enantioselectivity.  
We then looked into the hydrogenation of a broad range of key trisubstituted olefins 
with neighbouring polar groups. Hydrogenation of these olefins is of particular interest 
because they can be further functionalized and become important intermediates for 
more complex chiral molecules. Interestingly, the hydrogenation of a very large series 
of -unsaturated esters S7-S13 proceeded with excellent enantioselectivities (ee’s up 
to 99%), comparable to the best reported to date. Again, unlike previous S1-S6 
substrates, the effect of the ligand parameters on enantioselectivity is different. The 
best enantioselectivities were obtained using the Ir/L3a catalytic system. 
Advantageously, the ee’s were independent of the electronic nature of the substrate 
phenyl ring (S7-S9) and the steric nature of the alkyl substituent (S7, S10-S12). Also 
noteworthy were the high enantioselectivities obtained using more demanding Z-
isomer S13. Being able to reduce such a range of -unsaturated esters with these 
high ee’s is highly significant because the resulting chiral carboxylic ester derivatives 
are present in many relevant products. This method is a more sustainable way to 
prepare these chiral carboxylic esters than other regular methodologies.16  As in E-
alkenes, Ir/L5c catalytic system can also successfully hydrogenate a broad range of 
-unsaturated enones S14-S19 (ee's up to 98%). The hydrogenation of S14-S19 
yields products with opposite configuration than those achieved with the other E-
trisubstituted olefins studied. This behaviour has been observed previously and it is 
attributed to the strong polarization of the double bond. It should be noted that ee’s 
are highly independent of the nature of the alkyl substituent and the electronic nature 
of the substrate phenyl ring. This represents an important entry point to the synthesis 
of ketones with stereogenic centres in the -position to the carbonyl group. Despite 
this, they have been less studied than other trisubstituted olefins with neighbouring 
polar groups.17 Also, excellent enantioselectivities have been achieved in the reduction 
of -unsaturated lactone S20 (ee’s up to >99%). -Unsaturated amides S21-S22 
represent other challenging substrates that has been overlooked, despite amides with 
stereogenic centres in the -position are present in several natural products and that 
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the amide group can be easily transformed into other useful compounds (i.e. amines)18. 
Interestingly both substrates proceeded with excellent enantioselectivities (ee's up 
>99%).  
 
Figure 5.2.2. Selected results for the hydrogenation of trisubstituted olefins S3-S31 using 
[Ir(cod)(L1-L7a-g)]BArF catalyst precursors. Reaction conditions: 2 mol % catalyst 
precursor, CH2Cl2 as solvent, 50 bar H2, 4 h. a Reactions carried out during 24 h. 
These last results encouraged us to move on to the hydrogenation of other difficult 
olefins, such as alkenylboronic esters S23-S26 and enol phosphinates S27-S31. Few 
catalysts can afford high enantioselectivities for these alkenes, so it was noteworthy 
that we could reach high enantioselectivities in all of them by carefully modification of 
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the ligand parameters. In the reduction of alkenylboronic ester, the highest 
enantioselectivities (up to >99%) were therefore achieved using [Ir(cod)(L5c)]BArF,19 
while for enol phosphinates the best enantioselectivities (ee’s up to 96%) were 
obtained with [Ir(cod)(L5b)]BArF20. Among the existing methods for preparing chiral 
organoboron compounds, the hydrogenation is one of the most sustainable and most 
straightforward. The synthesis of chiral organoboron compounds has recently received 
considerable attention because they are valuable organic intermediates since the C-B 
bond can be readily transformed into chiral C-N, C-O and C-C bonds. On the other 
hand, the effective hydrogenation of enol phosphinates opens up an appealing route 
for obtaining chiral organophosphinates, which can be easily transformed into high-
value compounds such as alcohols and phosphines. 
We finally also turned our attention to the Ir-catalyzed asymmetric reduction of 
challenging -enamides. In contrast to the -enamides, most of the catalysts for -
enamides provide low enantiomeric excesses 21  although some successful protocols 
using Ru- and Rh-based catalysts are available22. Among the most successful examples 
we can cite the Ru-diphosphine catalysts by Ratovelomanana-Vidal et al. that reached 
enantioselectivities up to 96% ee in the reduction of enamides derived from 3-
chromanones.22d More recently, Tang et al. presented the nine-step synthesis of 
WingPhos, a P-stereogenic diphosphine ligand, that has been applied to a broader 
number of substrates obtaining high enantioselectivities both for enamides derived 
from 2-tetralines (ee's up to 96%) and also for enamides derived from 3-chromanones 
(ee's in the range 94-98%).22f We first explored the hydrogenation of N-(3,4-
dihydronaphthalen-2-yl)acetamide S32 to study the efficiency of the [Ir(cod)(L1-L7a-
g)]BArF catalyst precursors (Table 5.2.2). The hydrogenations were performed under 
50 bar of H2 in dichloromethane at room temperature using 1 mol% of catalyst loading. 
The effect of the biaryl phosphite group on catalytic performance was studied with 
ligands L1a-c. We found that the presence of a chiral R-biaryl phosphite moiety is 
necessary to maximize enantioselectivities and activities (entry 2 vs 1 and 3). These 
results also indicated that the PHOX-ligand backbone is not able to control the 
tropoisomerism of the biphenyl phosphite moiety (a). Comparing the results of ligands 
L1-L3b it can be seen that the nature of the oxazoline substituent has a deep impact 
on catalytic performance. The presence of a tert-butyl oxazoline group led to low 
activity and enantioselectivity (entry 7). The best activity and enantioselectivity were 
obtained with ligand L3b (entry 5) which contains a phenyl oxazoline moiety. This 
turned to be economically advantageous because (S)-phenylglycinol is the less 
expensive of the three amino alcohols used (eight times cheaper than tert-leucinol 
used in ligand L4). Interestingly, the introduction of a methylene spacer between the 
oxazoline and the phenyl ring (with phosphite-oxazoline ligands L5 and L6) had a 
positive effect on enantioselectivity. Both ligands L5b and L6b provided the 
hydrogenated product in full conversion and in 98% ee (entries 8 and 9). Finally, the 
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hydrogenation of S32 by using the related phosphine-oxazoline PHOX-Ph ligand 2 
provided lower conversion and enantioselectivities under the same reaction conditions 
(Table 5.2.2, entry 10 vs 6 and 8). This result confirms the positive effect of 
introducing a binaphthyl phosphite moiety into the ligand design. Interestingly, the 
catalytic performance is maintained regardless the hydrogen pressure. So, full 
conversion and excellent enantioselectivities were also achieved at 10 bar of H2 (entry 
11). 
 
Table 5.2.2. Selected results for the asymmetric hydrogenation of S32a 
 
Entry Ligand % Convb % eec 
1 L1a 75 30 (S) 
2 L1b 80 92 (S) 
3 L1c 56 50 (R) 
4 L3a 80 34 (S) 
5 L3b 95 96 (S) 
6 L3c 65 54 (R) 
7 L4b 30 30 (S) 
8 L5b 100 98 (S) 
9 L6b 100 98 (S) 
10 
 
58 72 (S) 
11d L5b 100 98 (S) 
a Reactions were run at 23 °C with [[Ir(cod)(L)]BArF (1 mol%), S32 (0.5 
mmol), CH2Cl2 (2 mL) for 20 h. b Conversions were measured by 1H NMR 
spectroscopy. c Enantiomeric excess determined by chiral HPLC. d Reaction 
carried out at 10 bar of H2. 
 
To further study the behavior of [Ir(cod)(L5b)]BArF and [Ir(cod)(L6b)]BArF catalyst 
precursors, we extended our work to the hydrogenation of other cyclic β-enamides. 
Table 5.2.3 shows the results using catalysts Ir/L5b that had provided, together with 
Ir/L6b, the best results in the asymmetric hydrogenation of S32. We were pleased to 
discover that [Ir(cod)(L5b)]BArF catalytic system is very tolerant to variations in the 
substitution pattern of the fused benzene ring. Thus, a range substituted cyclic β-
enamides derived from β-tetralones were hydrogenated in high yields and with 
excellent enantioselectivities (ee’s ranging from 97% to 99%; Table 5.2.3. entries 1-5) 
comparable to those achieved with substrate S32. Among them, it should be denoted 
the excellent result with (5-methoxy-3,4-dihydronaphthalen-2-yl)acetamide S37 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





(entry 5), whose hydrogenated product is a key intermediate for the synthesis of 
Rotigotine. Also interesting is the almost perfect enantioselectivity (99% ee, entry 6) 
and high yield achieved in the hydrogenation of N-(2H-chromen-3-yl)acetamide S38, 
which provides the crucial intermediate for the synthesis of Alnespirone. 
Table 5.2.3. Asymmetric hydrogenation of cyclic β-enamides using [Ir(cod)(L5b)]BArFa 
Entry Substrate % Conv (% Yield)b % eec 
1 
 
100 (79) 98 (S) 
2 
 
100 (89) 98 (S) 
3 
 
100 (88) 99 (S) 
4 
 
100 (91) 99 (S) 
5 
 
100 (90) 97 (S) 
6 
 
75 (62) 99 (R) 
a Reactions were run at 23 °C with [Ir(cod)(L5b)]BArF (1 mol%), substrate (0.5 mmol), H2 (50 bar), 
CH2Cl2 (2 mL) for 20 h. b Conversions were measured by 1H NMR spectroscopy. c Enantiomeric 
excess determined by chiral HPLC.  
 
5.2.2.4. Asymmetric hydrogenation of disubstituted olefins 
To further study the potential of the L1-L7a-g ligands, we also screened it in the Ir-
catalyzed hydrogenation of terminal olefins.3e,h Enantioselectivity is more difficult to 
control in these substrates than in trisubstituted olefins. There are two main reasons 
for this: a) the two substituents in the substrate can easily exchange positions in the 
chiral environment formed by the catalysts, thus reversing the face selectivity (Scheme 
5.2.3(a)); and b) the terminal double bond can isomerize to form the more stable 
internal E-alkene, which usually leads to the predominant formation of the opposite 
enantiomer of the hydrogenated product (Scheme 5.2.3(b)). Few known catalytic 
systems provide high enantioselectivities for these substrates, and those that do are 
usually limited in substrate scope. In contrast to the hydrogenation of trisubstituted 
olefins, the enantioselectivity in the reduction of terminal alkenes is highly pressure 
dependent. Therefore, hydrogenation at an atmospheric pressure of H2 gave, in 
general, significantly higher ee values than at higher pressures.3e,h  
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Scheme 5.2.3. (a) Face differentiation on the 1,1-disubstituted olefin coordination; (b) 
isomerization of the 1,1-disubstituted olefin once is coordinated to the iridium center. 
As a model substrate, we have chosen the 3,3-dimethyl-2-phenyl-1-butene S39 to 
assess the potential of the new ligand library. The results are summarized in Table 
5.2.4. The best enantioselectivity was obtained with ligands L3 (ee's up to 98%, Table 
5.2.4, entries 9-11). The introduction of a methylene spacer between the oxazoline 
and the phenyl ring of the ligand backbone does not improve the enantioselectivities 
(i.e. entries 15 vs 9).  
 
Table 5.2.4. Ir-catalyzed hydrogenation of S39 using ligands L1-L7a-g a 
 
 
Entry Ligand % Convb % eec Entry Ligand % Convb % eec 
1 L1a 100 88 (S) 13 L4b 100 66 (S) 
2 L1b 100 61 (S) 14 L4c 100 93 (S) 
3 L1c 100 90 (S) 15 L5a 100 78 (S) 
4 L1d 100 65 (S) 16 L5b 100 84 (S) 
5 L1e 100 84 (S) 17 L5c 100 54 (R) 
6 L1f 100 66 (S) 18 L6a 100 96 (S) 
7 L1g 100 82 (S) 19 L6b 100 93 (S) 
8 L2a 100 84 (S) 20 L6c 100 57 (S) 
9 L3a 100 98 (S) 21 L7a 100 90 (S) 
10 L3b 100 97 (S) 22 L7b 87 66 (S) 
11 L3c 100 97 (S) 23 L7c 42 15 (S) 
12 L4a 100 84 (S)     
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 1 mol% of Ir-
catalyst precursor at 1 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion 
measured by 1H NMR after 2 h. c Enantiomeric excess determined by GC.  
 
 
We next studied the asymmetric hydrogenation of other terminal disubstituted olefins 
(Figure 5.2.3). We were pleased to see that substrates S40-S46 also provided high 
enantioselectivities, albeit the presence of ortho substituents at the aryl ring (S45 and 
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S46) led to lower activities. Lower enantioselectivities have been achieved in the 
reduction of several -alkylstyrenes bearing decreasingly sterically demanding alkyl 
substituents (S47-S50). A plausible explanation is the competition between direct 
hydrogenation and isomerization. However, we were pleased to find that 
enantioselectivities for these substrates could be maximized by appropriately choosing 
the ligand parameters (ee's ranging from 83% to 91%). Interestingly, the excellent 
activities and enantioselectivities were maintained when introducing poorly 
coordinative groups in the substrate S51-S54. We were again able to fine tune the 
ligand to obtain high-to-excellent enantioselectivities (ee's up to 99%). The results are 
among the best in the literature for each substrate, even in the reduction of such 
highly appealing substrates as pinacolatoboron-containing substrates S51 and S52,19 
and enol phosphinate S5323 for which only very few catalytic systems have provided 
high enantioselectivities. Similarly, the hydrogenation of the allylic acetate S54 also 
proceeds with high activity and enantioselectivity with the catalyst system Ir-L3a. 
 
 
Figure 5.2.3. Selected results for the hydrogenation of disubstituted olefins S40-S54 using 
[Ir(cod)(L1-L7a-g)]BArF catalyst precursors. Reaction conditions: 2 mol % catalyst 
precursor, CH2Cl2 as solvent, 1 bar H2, 4 h. 
5.2.3 Conclusions 
We have successfully applied new Ir(I)-catalyst precursors ([Ir(cod)(L1-L7a-g)]BArF), 
modified with easily accessible PHOX-based phosphite-oxazoline ligands, for the 
asymmetric hydrogenation of demanding minimally functionalized alkenes and cyclic -
enamides. The catalytic results indicated that enantioselectivity is highly affected by 
the ligand parameters as well as the substrate. The new Ir-PHOX-based phosphite-
oxazoline catalysts have been able to efficiently hydrogenate not only minimally 
functionalized model olefins, but also a wide range of challenging olefins that have 
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recently received a great deal of attention because the resulting hydrogenated 
compounds can be easily stereoselectively transformed into high-value organic 
compounds. The results are among the best reported so far. On the other hand, it 
should be noted the excellent enantioselectivities achieved in the hydrogenation of -
aryl enamides, which gave access to 2-aminotetralines and 3-aminochromanes in 
enantioselectivities up to 99%. 
5.2.4 Experimental section 
5.2.4.1 General considerations 
All reactions were carried out using standard Schlenk techniques under an argon 
atmosphere. Commercial chemicals were used as received. Solvents were dried by 
means of standard procedures and stored under argon. 1H, 13C{1H} and 31P{1H} NMR 
spectra were recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts 
are relative to that of SiMe4 (1H and 13C{1H}) or H3PO4 (31P{1H}) as internal standard. 
Ligands L1f-g and L5-L7a-c have been prepared as described in Sections 3.2 and 3.3. 
Phosphorochloridites, 24  hydroxyl-oxazolines 1-3, 25  ligands L1-L4a,12,13 olefins            
S1-S31,26  S32-S3827 and S39-S5428 were synthesized as previously reported.  
 
5.2.4.2. Typical procedure for the preparation of phosphite-oxazoline ligands.  
 
To a solution of in situ generated phosphochloridite (1.1 mmol) in dry toluene (6 mL), 
pyridine (0.16 mL, 2.0 mmol) was added. Then, this solution was placed in a -78 ºC 
bath. After 2 min at that temperature, a solution of the alcohol-oxazoline (1.0 mmol) 
and pyridine (0.16 mL, 2.0 mmol) in toluene (6 mL) was added dropwise at -78 °C. 
The mixture was left to warm to room temperature and stirred overnight at this 
temperature. The precipitate formed was filtered under argon and the solvent was 
evaporated under vacuum. The residue was purified by flash chromatography (under 
argon, using neutral alumina and dry toluene (1% NEt3) as eluent system) to afford 
the corresponding phosphite-oxazoline as white solids. 
 
L1b: Yield: 464.7 mg (70%); 31P NMR (161.9 MHz, C6D6):138.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.26 (s, 9H, CH3, SiMe3), 0.59 (s, 9H, CH3, SiMe3), 0.68 (d, 3H, CH3, 
iPr, 3JH-H= 6.4 Hz), 0.88 (d, 3H, CH3, iPr, 3JH-H= 7.2 Hz), 1.56 (m, 1H, CH, iPr), 3.46 (m, 
1H, CH-O), 3.78 (m, 2H, CH-O, CH-N) 6.68 (m, 3H, CH=), 6.87 (m, 2H, CH=), 7.11 
(m, 2H, CH=), 7.33 (m, 2H, CH=), 7.64 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.71 (d, 1H, 
CH=, 3JH-H= 8.4 Hz), 8.02 (m, 3H, CH=), 8.18 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 
0.2 (d, CH3, SiMe3, JC-P= 4.6 Hz), 0.5 (CH3, SiMe3), 18.2 (CH3, iPr), 18.7 (CH3, iPr), 
33.9 (CH, iPr), 69.4 (CH2-O), 72.8 (CH-N), 121.4-152.9 (aromatic carbons), 160.8 
(C=N). MS HR-ESI [found 686.2285, C38H42NO4PSi2 (M-Na)+ requires 686.2282]. 
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L1c: Yield: 471.4 mg (71%); 31P NMR (161.9 MHz, C6D6):138.6 (s); 1H NMR (400 
MHz, C6D6):  = 0.33 (s, 9H, CH3, SiMe3), 0.55 (s, 9H, CH3, SiMe3), 0.81 (d, 3H, CH3, 
iPr, 3JH-H= 6.4 Hz), 0.98 (d, 3H, CH3, iPr, 3JH-H= 7.2 Hz), 1.58 (m, 1H, CH, iPr), 3.68 (m, 
1H, CH-O), 3.87 (m, 2H, CH-O, CH-N) 5.9 (d, 1H, CH=, 3JH-H= 8.0 Hz), 6.45 (m, 1H, 
CH=), 6.55 (m, 1H, CH=), 6.83 (m, 2H, CH=), 7.11 (m, 2H, CH=), 7.26 (m, 2H, 
CH=), 7.64 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.74 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.89 (dd, 
1H, CH=, 3JH-H= 8.0 Hz, 4JH-H= 1.6 Hz), 8.03 (s, 1H, CH=), 8.21 (s, 1H, CH=). 13C 
(100.6 MHz, C6D6): δ= -0.2 (d, CH3, SiMe3, JC-P= 3.9 Hz), 0.0 (CH3, SiMe3), 18.5 (CH3, 
iPr), 18.6 (CH3, iPr), 33.0 (CH, iPr), 69.4 (CH2-O), 72.9 (CH-N), 120.6-152.9 (aromatic 
carbons), 160.5 (C=N). MS HR-ESI [found 686.2286, C38H42NO4PSi2 (M-Na)+ requires 
686.2282]. 
 
L1d: Yield: 423 mg (72%); 31P NMR (C6D6), δ: 132.6 ppm (s); 1H NMR (C6D6), δ: 0.62 
(d, 6H, 3JH-H= 6.4 Hz, CH3, iPr), 1.27 (s, 9H, CH3, tBu), 1.37 (s, 9H, CH3, tBu), 1.39 (m, 
1H, CH, iPr), 1.61 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.93 (s, 3H, CH3), 2.03 (s, 3H, CH3), 
3.03 (dd, 1H, 2JH-H= 11.6 Hz, 3JH-H= 5.2 Hz, CH2-O), 3.12 (dd, 1H, 2JH-H= 11.2 Hz, 3JH-
H= 5.2 Hz, CH2-O), 4.22 (m, 1H, CH-N ),  6.7-7.5 (m, 6H, CH=), 8.59 (d, 1H, 3JH-H= 
6.4 Hz, CH=). 13C NMR (C6D6), δ: 16.2 (CH3, iPr), 16.4 (CH3, iPr), 17.8 (CH3), 19.1 
(CH3), 19.9 (CH3), 20.0 (CH3), 28.6 (CH, iPr), 31.0 (d, CH3, tBu, JC-P=5.3 Hz), 31.3 
(CH3, tBu), 34.4 (C, tBu), 34.8 (C, tBu), 45.3 (CH2-O), 55.4 (CH-N), 118.4-150.9 
(aromatic carbons), 163.4 (C=N). MS HR-ESI [found 610.3067, C36H46NO4P (M-
Na)+ requires 610.3062]. 
 
L1e: Yield: 376 mg (64%); 31P NMR (C6D6), δ: 133.9 ppm (s); 1H NMR (C6D6), δ: 0.55 
(d, 3H, 3JH-H= 6.4 Hz, CH3, iPr), 0.63 (d, 3H, 3JH-H= 6.8 Hz, CH3, iPr), 1.35 (s, 9H, CH3, 
tBu), 1.39 (s, 9H; CH3, tBu), 1.42 (m, 1H, CH, iPr), 1.65 (s, 3H, CH3), 1.79 (s, 3H, 
CH3), 1.97 (s, 3H, CH3), 2.06 (s, 3H, CH3), 3.35 (m, 2H, CH2-O), 4.28 (m, 1H, CH-N ),  
6.7-7.7 (m, 6H, CH=), 8.60 (d, 1H, 3JH-H= 8.0 Hz, 4JH-H= 2.0 Hz, CH=). 13C NMR (C6D6), 
δ: 16.2 (CH3, iPr), 16.6 (CH3, iPr), 18.1 (CH3), 19.1 (CH3), 20.0 (CH3), 21.4 (CH3), 28.6 
(CH, iPr), 31.2 (d, CH3, tBu, JC-P= 4.6 Hz), 31.4 (CH3, tBu), 34.4 (C, tBu), 34.7 (C, tBu), 
45.6 (CH2-O), 55.5 (CH-N), 119.3-150.4 (aromatic carbons), 163.4 (C=N). MS HR-ESI 
[found 610.3068, C36H46NO4P (M-Na)+ requires 610.3062]. 
 
L3b: Yield: 495 mg (71%); 31P NMR (161.9 MHz, C6D6):139.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.30 (s, 9H, CH3, SiMe3), 0.58 (s, 9H, CH3, SiMe3), 3.56 (pt, 1H, CH-O, 
JH-H= 8.8  Hz), 4.08 (dd, 1H, CH-O, 2JH-H= 10.4 Hz; 3JH-H= 8.4 Hz), 5.05 (pt, 1H, CH-N, 
JH-H= 9.6 Hz), 6.7-6.8 (m, 2H, CH=), 6.88 (m, 2H, CH=), 7.04 (m, 4H, CH=), 7.15 (m, 
3H, CH=), 7.32 (m, 2H, CH=), 7.7 (m, 2H, CH=), 8.1 (m, 3H, CH=), 8.2 (s, 1H, CH=). 
13C (100.6 MHz, C6D6): δ= 0.2 (d, CH3, SiMe3, JC-P= 4.62 Hz), 0.5 (CH3, SiMe3), 70.8 
(CH-N), 74.6 (CH2-O), 122.1-153.5 (aromatic carbons), 163.2 (C=N). MS HR-ESI 
[found 720.2130, C41H46NO4PSi2 (M-Na)+ requires 720.2126]. 
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L3c: Yield: 432 mg (62%); 31P NMR (161.9 MHz, C6D6):138.2 (s); 1H NMR (400 
MHz, C6D6):  = 0.35 (s, 9H, CH3, SiMe3), 0.57 (s, 9H, CH3, SiMe3), 3.81 (pt, 1H, CH-O, 
JH-H= 8.4  Hz), 4.14 (dd, 1H, CH-O, 2JH-H= 10.4 Hz; 3JH-H= 8.4 Hz), 5.17 (pt, 1H, CH-N, 
JH-H= 8.8 Hz), 6.20 (d, 1H, CH=, 3JH-H= 7.6 Hz), 6.57-6.66 (m, 2H, CH=), 6.88 (m, 2H, 
CH=), 7.0-7.18 (m, 5H, CH=), 7.5 (d, 2H, CH=, 3JH-H= 7.2 Hz), 7.32 (m, 2H, CH=), 
7.68 (d, 1H, CH=, 3JH-H= 8Hz), 7.75 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.04 (dd, 1H, CH=, 
3JH-H = 7.2 Hz, 4JH-H = 2Hz), 8.06 (s, 1H, CH=), 8.22 (s, 1H, CH=).  13C (100.6 MHz, 
C6D6): δ= 0.0 (d, CH3, SiMe3, JC-P= 3.8 Hz), 0.5 (CH3, SiMe3), 70.9 (CH-N), 74.6 (CH2-
O), 121.4-153.6 (aromatic carbons), 163.1 (C=N). MS HR-ESI [found 720.2132, 
C41H46NO4PSi2 (M-Na)+ requires 720.2126]. 
 
L4b: Yield: 542.3 mg (80%); 31P NMR (161.9 MHz, C6D6):139.2 (s); 1H NMR (400 
MHz, C6D6):  = 0.29 (s, 9H, CH3, SiMe3), 0.64 (s, 9H, CH3, SiMe3), 0.80 (s, 9H, CH3, 
tBu), 3.59 (m, 1H, CH-O), 3.81 (m, 2H, CH-O, CH-N), 6.0 (d, 1H, CH=, 3JH-H = 8.0 Hz), 
6.61 (m, 1H, CH=), 6.72 (m, 1H, CH=), 7.0 (m, 2H, CH=), 7.11 (m, 1H, CH=), 7.25 
(m, 3H, CH=), 7.39 (m, 1H, CH), 7.81 (d, 1H, CH=, 3JH-H = 8.0 Hz), 7.90 (d, 1H, CH=, 
3JH-H = 8.0 Hz), 8.02 (d, 1H, CH=, 3JH-H = 8.0 Hz), 8.18 (s, 1H, CH=), 8.36 (s, 1H, 
CH=).  13C (100.6 MHz, C6D6): δ= -0.7 (d, CH3, SiMe3, JC-P= 4.3 Hz), -0.1 (CH3, SiMe3), 
25.7 (CH3, tBu), 33.8 (C, tBu), 67.6 (CH-N), 76.5 (CH2-O), 120.6-152.9 (aromatic 
carbons), 160.5 (C=N). MS HR-ESI [found 700.2443, C39H44NO4PSi2 (M-Na)+ requires 
700.2439]. 
 
L4c: Yield: 474.5 mg (70%); 31P NMR (161.9 MHz, C6D6):138.7 (s); 1H NMR (400 
MHz, C6D6):  = 0.48 (s, 9H, CH3, SiMe3), 0.71 (s, 9H, CH3, SiMe3), 1.04 (s, 9H, CH3, 
tBu), 4.06 (m, 3H, CH2-O, CH-N), 6.74 (m, 1H, CH=), 6.91 (m, 2H, CH=), 7.01 (m, 
1H, CH=), 7.13 (m, 3H, CH=), 7.35 (m, 2H, CH), 7.68 (d, 1H, CH=, 3JH-H = 8.0 Hz), 
7.75 (d, 1H, CH=, 3JH-H = 8.0 Hz), 8.05 (m, 2H, CH=), 8.22 (s, 1H, CH=).  13C (100.6 
MHz, C6D6): δ= -0.4 (d, CH3, SiMe3, JC-P= 5.0 Hz), 0.0 (CH3, SiMe3), 25.7 (CH3, tBu), 
33.7 (C, tBu), 67.7 (CH-N), 76.3 (CH2-O), 121.4-152.9 (aromatic carbons), 160.8 
(C=N). MS HR-ESI [found 700.2445, C39H44NO4PSi2 (M-Na)+ requires 700.2439]. 
5.2.4.3. Typical procedure for the preparation of [Ir(cod)(L1-L7a-g)]BArF.  
The corresponding ligand (0.037 mmol) was dissolved in CH2Cl2 (2.5 mL) and [Ir(µ-
Cl)(cod)]2 (12.5 mg, 0.0185 mmol) was added. The reaction was refluxed at 40 °C for 
1 hour. After 5 min at room temperature, NaBArF (38.6 mg, 0.041 mmol) and water 
(2.5 mL) were added and the reaction mixture was stirred vigorously for 30 min at 
room temperature. The phases were separated and the aqueous phase was extracted 
twice with CH2Cl2. The combined organic phases were dried with MgSO4, filtered 
through a plug of celite and the solvent was evaporated to give the products as red-
orange solids. 
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[Ir(cod)(L1a)]BArF: Yield: 62 mg (92%). 31P NMR (161.9 MHz, CDCl3): δ=108.1 (s). 
1H NMR (400 MHz, CDCl3): δ=  1.61 (m, 6H, CH3, iPr), 1.66 (s, 9H, CH3, tBu), 1.97 (s, 
9H, CH3, tBu), 2.0 (s, 9H, CH3, tBu,), 2.1 (s, 9H, CH3, tBu), 2.37 (m, 1H, CH2, cod), 2.4 
(m, 1H, CH, iPr), 2.50 (m, 1H, CH2, cod), 2.63 (m, 1H, CH2, cod),  2.82-2.97 (m, 4H, 
CH2, cod), 3.2 (m, 1H, CH2, cod), 4.05 (m, 1H, CH=, cod), 4.75 (m, 1H, CH=, cod), 
4.89 (m, 1H, CH-N), 5.04 (pt, 1H, CH-O, JH-H = 9.6 Hz), 5.09 (m, 1H, CH-O),  5.96 (m, 
1H, CH=, cod), 6.09 (m, 1H, CH=, cod), 6.87 (d, 1H, CH=, 3JH-H = 7.6 Hz), 7.87 (m, 
3H, CH=), 8.14 (m, 6H, CH=), 8.3 (m, 11H, CH=). 13C NMR (100.6 MHz, CDCl3): 
δ=15.9 (CH3, iPr), 18.9 (CH3, iPr), 25.9 (CH2, cod), 29.1 (CH2, cod), 30.9 (CH3, tBu), 
31.4 (CH3, tBu), 31.6 (CH2, cod), 31.9 (CH3, tBu), 32.0 (CH3, tBu), 33.4 (CH, iPr), 35.4 
(C, tBu), 35.5 (C, tBu), 35.8 (C, tBu), 36.2 (C, tBu), 36.4 (d, CH2, cod, JC-P= 6.1 Hz), 
63.5 (CH=, cod), 67.0 (CH=, cod), 69.2 (CH2-O), 73.6 (CH-N), 106.9 (CH=, cod), 
107.6 (CH=, cod), 118.0-150.4 (aromatic carbons), 162.3 (q, C-B, BArF, 1JC-B =49.7 
Hz), 170.0 (C=N). MS HR-ESI [found 944.4363, C48H66IrNO4P (M-BArF)+ requires 
944.4359]. 
 
[Ir(cod)(L1b)]BArF: Yield: 65 mg (96%). 31P NMR (161.9 MHz, CDCl3): δ=121.1(s). 
1H NMR (400 MHz, CDCl3): δ=  0.03 (s, 9H, CH3, SiMe3), 0.68 (s, 9H, CH3, SiMe3), 0.78 
(d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 0.96 (d, 3H, CH3, iPr, 3JH-H = 7.2 Hz), 1.32 (m, 1H, 
CH2, cod), 1.76 (m, 1H, CH2, cod), 1.93 (m, 1H, CH2, cod), 2.17 (m, 1H, CH2, cod),  
2.30 (m, 2H, CH2, cod), 2.38 (m, 1H, CH, iPr),  2.46 (m, 2H, CH2, cod),  3.70 (m, 1H, 
CH=, cod), 3.97 (m, 1H, CH=, cod), 4.23 (m, 1H, CH-N), 4.36 (pt, 1H, CH-O, JH-H = 
9.2 Hz), 4.56 (m, 1H, CH-O),  5.29 (m, 1H, CH=, cod), 5.56 (m, 1H, CH=, cod), 6.26 
(d, 1H, CH=, 3JH-H = 8.4 Hz), 6.67 (d, 1H, CH=, 3JH-H = 8.4 Hz), 7.10 (d, 1H, CH=, 3JH-H 
= 7.6 Hz), 7.19 (t, 1H, CH=, 3JH-H = 7.2 Hz), 7.3-7.7 (m, 16H, CH=), 7.77 (d, 1H, 
CH=, 3JH-H = 8.0 Hz), 7.94 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.03 (d, 1H, CH=, 3JH-H = 8.8 
Hz), 8.17 (s, 2H, CH=). 13C NMR (100.6 MHz, CDCl3): δ=-0.8 (CH3, SiMe3), 0.9 (CH3, 
SiMe3), 14.0 (CH3, iPr), 18.3 (CH3, iPr), 25.3 (CH2, cod), 28.5 (CH2, cod), 29.7 (CH, iPr), 
31.1 (CH2, cod), 35.7 (CH2, cod), 62.6 (CH=, cod), 67.8 (CH2-O), 69.3 (CH=, cod), 
73.6 (CH-N), 105.5 (d, CH=, cod, JC-P= 19.8 Hz), 108.2 (d, CH=, cod, JC-P= 14.4 Hz), 
118.0-151.2 (aromatic carbons), 162.1 (q, C-B, BArF, 1JC-B = 50.5 Hz), 167.6 (C=N). MS 
HR-ESI [found 964.2961, C46H54IrNO4PSi2 (M-BArF)+ requires 964.2958]. 
 
[Ir(cod)(L1c)]BArF: Yield: 61 mg (90%). 31P NMR (161.9 MHz, CDCl3): δ=113.1 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.07 (s, 9H, CH3, SiMe3), 0.52 (s, 9H, CH3, SiMe3), 0.95 
(d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 1.04 (d, 3H, CH3, iPr, 3JH-H = 7.2 Hz), 1.76 (m, 1H, 
CH2, cod), 1.94 (m, 1H, CH2, cod), 2.17-2.34 (m, 6H, CH2, cod), 2.4 (m, 1H, CH, iPr), 
2.98 (m, 1H, CH=, cod), 3.84 (m, 1H, CH=, cod), 4.17 (m, 1H, CH-N), 4.44 (pt, 1H, 
CH-O, JH-H = 9.2 Hz), 4.59 (m, 1H, CH-O),  5.38 (m, 1H, CH=, cod), 5.57 (m, 1H, 
CH=, cod), 6.78 (d, 1H, CH=, 3JH-H = 8.8 Hz), 6.81 (d, 1H, CH=, 3JH-H = 8.4 Hz), 7.08 
(d, 1H, CH=, 3JH-H = 8.8 Hz), 7.19-7.7 (m, 17H, CH=), 7.77 (d, 1H, CH=, 3JH-H = 7.6 
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Hz), 7.91 (d, 1H, CH=, 3JH-H = 8.0 Hz), 7.97 (m, 2H, CH=), 8.18 (s, 1H, CH=). 13C NMR 
(100.6 MHz, CDCl3): δ=0.8 (CH3, SiMe3), 0.2 (CH3, SiMe3), 15.1 (CH3, iPr), 18.9 (CH3, 
iPr), 25.1 (CH2, cod), 29.0 (CH2, cod), 29.7 (CH, iPr), 32.7 (CH2, cod), 36.4 (CH2, cod), 
58.1 (CH=, cod), 67.4 (CH=, cod), 68.2 (CH2-O), 72.2 (CH-N), 106.3 (d, CH=, cod, JC-
P= 22.1 Hz), 108.2 (d, CH=, cod, JC-P= 16.8 Hz), 111.4-150.2 (aromatic carbons), 
161.8 (q, C-B, BArF, 1JC-B = 49.8 Hz), 170.8 (C=N). MS HR-ESI [found 964.2962, 
C46H54IrNO4PSi2 (M-BArF)+ requires 964.2958]. 
 
[Ir(cod)(L1d)]BArF: Yield: 59 mg (91%). 31P NMR (161.9 MHz, CDCl3): δ=114.4 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.82 (d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 0.98 (d, 3H, CH3, 
iPr, 3JH-H = 7.2Hz), 1.08 (s, 9H, CH3, tBu), 1.63 (s, 9H, CH3, tBu), 1.97 (s, 3H, CH3), 
2.14 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.37 (s, 3H, CH3), 2.4 (m, 1H, CH, iPr), 1.72-2.52 
(m, 8H, CH2, cod), 3.87 (m, 1H, CH=, cod), 4.10 (m, 1H, CH=, cod), 4.25 (m, 1H, CH-
N) 4.39 (pt, 1H, CH-O, JH-H = 10.0 Hz), 4.54 (m, 1H, CH-O),  5.22 (m, 1H, CH=, cod), 
5.35 (m, 1H, CH=, cod), 6.17 (d, 1H, CH=, 3JH-H = 8.0 Hz), 7.87-7.27 (m, 3H, CH=), 
7.53 (s, 4H, CH=), 7.71 (s, 10H, CH=).  13C NMR (100.6 MHz, CDCl3): δ=14.0 (CH3, 
iPr), 16.3 (CH3), 16.8 (CH3), 18.9 (CH3, iPr), 20.3 (CH3), 20.5 (CH3), 25.6 (CH2, cod), 
28.9 (CH2, cod), 30.8 (CH3, tBu), 31.0 (CH2, cod), 31.4 (CH3, tBu), 34.7 (CH, iPr), 34.9 
(C, tBu), 35.4 (d, CH2, cod, JC-P= 6.1 Hz), 62.9 (CH=, cod), 67.9 (CH2-O), 69.4 (CH=, 
cod), 73.6 (CH-N), 103.9 (d, CH=, cod, JC-P= 20.6 Hz), 107.6 (d, CH=, cod, JC-P= 15.3 
Hz), 117.4-146.4 (aromatic carbons), 161.7 (q, C-B, BArF, 1JC-B =49.7 Hz), 167.6 (C=N). 
MS HR-ESI [found 888.3737, C44H58IrNO4P (M-BArF)+ requires 888.3733]. 
 
[Ir(cod)(L1e)]BArF: Yield: 60 mg (93%). 31P NMR (161.9 MHz, CDCl3): δ=106.6 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.97 (d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 1.02 (s, 9H, CH3, 
tBu), 1.03 (m, 3H, CH3, iPr), 1.49 (s, 9H, CH3, tBu), 1.68 (s, 3H, CH3), 1.85 (s, 3H, 
CH3), 1.92-2.22 (m, 5H, CH2, cod), 2.24 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.4 (m, 1H, 
CH, iPr),  2.37-2.51 (m, 3H, CH2, cod), 2.61 (m, 1H, CH=, cod), 4.05 (m, 1H, CH=, 
cod), 4.22 (m, 1H, CH-N) 4.41 (pt, 1H, CH-O, JH-H = 10.0 Hz), 4.52 (m, 1H, CH-O),  
5.24 (m, 1H, CH=, cod), 5.53 (m, 1H, CH=, cod), 6.88 (d, 1H, CH=, 3JH-H = 8.0 Hz), 
7.06 (s, 1H, CH=), 7.28-7.36 (m, 2H, CH=), 7.53-7.58 (m, 5H, CH=), 7.71 (s, 9H, 
CH=).  13C NMR (100.6 MHz, CDCl3): δ=15.0 (CH3, iPr), 16.4 (CH3), 16.6 (CH3), 18.3 
(CH3, iPr), 20.2 (CH3), 20.6 (CH3), 25.0 (CH2, cod), 28.8 (CH2, cod), 30.8 (CH2, cod), 
31.0 (CH3, tBu), 31.4 (CH3, tBu), 33.1 (CH, iPr), 34.6 (C, tBu), 34.9 (C, tBu), 36.5 (CH2, 
cod), 56.9 (CH=, cod), 68.4 (CH2-O), 69.2 (CH=, cod), 72.4 (CH-N), 105.5 (d, CH=, 
cod, JC-P= 15.3 Hz), 106.5 (d, CH=, cod, JC-P= 18.3 Hz), 117.4-146.3 (aromatic 
carbons), 161.6 (q, C-B, BArF, 1JC-B =49.7 Hz), 170.6 (C=N). MS HR-ESI [found 888.3736, 
C44H58IrNO4P (M-BArF)+ requires 888.3733]. 
 
[Ir(cod)(L1f)]BArF: Yield: 63 mg (94%). 31P NMR (161.9 MHz, CDCl3): δ=114.9 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.84 (d, 3H, CH3, iPr, 3JH-H = 6.8 Hz), 0.97 (d, 3H, CH3, 
iPr, 3JH-H = 6.8Hz), 1.08 (s, 9H, CH3, tBu), 1.65 (s, 9H, CH3, tBu), 1.68-2.48 (m, 16H, 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





CH2), 2.41 (m, 1H, CH, iPr), 2.01-2.48 (m, 4H, CH2, cod), 2.75-2.91 (m, 4H, CH2, cod), 
3.88 (m, 1H, CH=, cod), 4.09 (m, 1H, CH=, cod), 4.25 (m, 1H, CH-N), 4.38 (pt, 1H, 
CH-O, JH-H = 10.0 Hz), 4.53 (m, 1H, CH-O), 5.19 (m, 1H, CH=, cod), 5.30 (m, 1H, 
CH=, cod), 6.15 (d, 1H, CH=, 3JH-H = 8.8 Hz), 7.15 (m, 2H, CH=), 7.28 (m, 1H, CH=), 
7.53 (s, 5H, CH=), 7.72 (s, 9H, CH=).  13C NMR (100.6 MHz, CDCl3): δ=14.1 (CH3, iPr), 
18.4 (CH3, iPr), 22.5 (CH2), 22.6 (CH2), 22.7 (CH2), 22.8 (CH2), 25.6 (CH2, cod), 27.0 
(CH2), 27.1 (CH2), 28.9 (CH2, cod), 29.5 (CH2), 30.8 (CH3, tBu), 30.9 (CH2, cod), 31.0 
(CH2), 31.3 (CH3, tBu), 34.7 (CH, iPr), 34.8 (C, tBu), 35.5 ( CH2, cod), 62.9 (CH=, cod), 
67.9 (CH2-O), 69.2 (CH=, cod), 73.5 (CH-N), 103.8 (d, CH=, cod, JC-P= 20.6 Hz), 
106.7 (d, CH=, cod, JC-P= 14.5 Hz), 117.4-146.3 (aromatic carbons), 161.6 (q, C-B, 
BArF, 1JC-B =50.5 Hz), 167.6 (C=N). MS HR-ESI [found 940.4051, C48H62IrNO4P (M-BArF)+ 
requires 940.4046]. 
 
[Ir(cod)(L1g)]BArF: Yield: 64 mg (95%). 31P NMR (161.9 MHz, CDCl3): δ=107.1 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.98 (d, 3H, CH3, iPr, 3JH-H = 6.8 Hz), 1.01 (s, 9H, CH3, 
tBu), 1.02 (d, 3H, CH3, iPr, 3JH-H = 7.2 Hz), 1.47 (s, 9H, CH3, tBu), 1.62-2.46 (m, 16H, 
CH2), 2.55 (m, 1H, CH, iPr), 2.06-2.51 (m, 4H, CH2, cod), 2.74-2.90 (m, 4H, CH2, cod), 
2.71 (m, 1H, CH=, cod), 4.01 (m, 1H, CH=, cod), 4.20 (m, 1H, CH-N), 4.40 (pt, 1H, 
CH-O, JH-H = 9.6 Hz), 4.50 (m, 1H, CH-O),  5.21 (m, 1H, CH=, cod), 5.50 (m, 1H, 
CH=, cod), 6.90 (d, 1H, CH=, 3JH-H = 8.0 Hz), 6.95 (s, 1H, CH=), 7.17 (s, 1H, CH=),  
7.33 (m, 1H, CH=), 7.57 (m, 1H, CH=), 7.53 (s, 4H, CH=), 7.72 (s, 9H, CH=).  13C 
NMR (100.6 MHz, CDCl3): δ=15.1 (CH3, iPr), 18.4 (CH3, iPr), 22.6 (CH2), 22.7 (CH2), 
22.8 (CH2), 24.9 (CH2, cod), 27.1 (CH2), 27.2 (CH2), 28.7 (CH2, cod), 29.2 (CH2), 29.6 
(CH2, cod), 30.8 (CH3, tBu), 31.1 (CH3, tBu), 33.1 (CH, iPr), 34.5 (C, tBu), 34.7 (C, 
tBu), 35.5 (d, CH2, cod, JC-P= 4.5 Hz), 57.1 (CH=, cod), 68.5 (CH2-O), 69.0 (CH=, 
cod), 72.4 (CH-N), 105.3 (d, CH=, cod, JC-P= 15.3 Hz), 106.0 (d, CH=, cod, JC-P= 18.4 
Hz), 117.4-146.3 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B =49.7 Hz), 170.4 (C=N). 
MS HR-ESI [found 940.4049, C48H62IrNO4P (M-BArF)+ requires 940.4046]. 
 
[Ir(cod)(L2a)]BArF: Yield: 62 mg (94%). 31P NMR (161.9 MHz, CDCl3): δ= 108.2 (s). 
1H NMR (400 MHz, CDCl3): δ= 1.03 (d, 3H, CH3, 3JH-H= 7.6 Hz), 1.1 (s, 9H, CH3, tBu), 
1.35 (s, 9H, CH3, tBu), 1.39 (s, 9H, CH3, tBu), 1.57 (s, 9H, CH3, tBu), 1.77 (b, 2H, CH2, 
cod), 1.88-2.10 (b, 3H, CH2, cod),  2.18 (m, 2H, CH2), 2.36 (m, 2H, CH2, cod), 2.56 
(m, 1H, CH2, cod), 3.6 (m, 1H, CH=, cod), 4.21 (m, 1H, CH=, cod), 4.28 (m, 1H, CH-
N), 4.38 (dd, 1H, CH-O, 2JH-H= 9.6Hz, 3JH-H= 6.4 Hz), 4.57 (pt, 1H, CH-O, JH-H=9.6 Hz), 
5.27 (m, 1H, CH=, cod), 5.48 (m, 1H, CH=, cod), 6.10 (d, 1H, CH=, 3JH-H = 8.4 Hz), 
7.10 (d, 1H, CH=, 2JH-H = 1.6 Hz ) 7.26 (m, 1H, CH=), 7.39-7.75 (m, 7H, CH=), 7.63 
(dd, 1H, CH= 3JH-H = 8.0 Hz, 4JH-H = 1.6 Hz), 7.70 (s, 9H, CH=). 13C NMR (100.6 MHz, 
CDCl3): δ= 9.3 (CH3, Et), 25.5 (CH2, cod), 28.6 (CH2, cod), 29.9 (CH2, cod), 30.6 (CH3, 
tBu), 30.9 (CH3, tBu), 31.1 (CH2, Et), 31.5(CH3, tBu), 31.6 (CH3, tBu), 34.9 (C, tBu), 
35.1 (C, tBu), 35.4 (C, tBu), 35.8 (C, tBu), 36.1 (d, CH2, cod, JC-P= 6.1 Hz), 64.4 (CH=, 
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cod), 66.5 (CH=, cod), 60.4 (CH-N), 72.4 (CH2-O), 104.9 (d, CH=, cod, JC-P =19.9 Hz), 
106.7 (d, CH=, cod, JC-P =15.3 Hz), 117.6-149.8 (aromatic carbons), 162.1 (q, C-B, 
BArF, 1JC-B =49.6 Hz), 169.5 (C=N). MS HR-ESI [found 930.4206, C47H64IrNO4P (M-BArF)+ 
requires 930.4202]. 
 
[Ir(cod)(L3a)]BArF: Yield: 65 mg (96%). 31P NMR (161.9 MHz, CDCl3): δ=107.0 (s). 
1H NMR (400 MHz, CDCl3): δ= 1.16 (s, 9H, CH3, tBu), 1.31 (s, 9H, CH3, tBu), 1.35 (s, 
9H, CH3, tBu), 1.53 (s, 9H, CH3, tBu), 1.3-1.7 (b, 4H, CH2, cod), 2.0 (b, 2H, CH2, cod), 
2.11 (m, 2H, CH2, cod), 2.8 (m, 1H, CH=, cod), 3.96 (m, 1H, CH=, cod), 4.47 (dd, 1H, 
CH-O, 2JH-H = 9.2 Hz, 3JH-H = 7.2 Hz), 4.57 (pt, 1H, CH-O, 3JH-H = 9.6 Hz), 5.30 (m, 1H, 
CH=, cod), 5.48 (m, 1H, CH=, cod), 5.5 (m, 1H, CH-N),  6.86 (d, 1H, CH=, 3JH-H= 8.8 
Hz), 7.11 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.21 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.39 (m, 3H, 
CH=), 7.49 (m, 5H, CH=), 7.59 (m, 2H, CH=), 7.18 (m, 9H, CH=). 13C NMR (100.6 
MHz, CDCl3): δ=25.5 (CH2, cod), 29.3 (CH2, cod) 29.7 (d, CH2, cod, JC-P= 6.1 Hz), 31.0 
(CH3, tBu), 31.3 (CH3, tBu), 31.5 (CH3, tBu), 31.6 (CH3, tBu), 34.6 (CH2, cod), 34.8 (C, 
tBu), 34.8 (C, tBu), 35.2 (C, tBu), 35.5 (C, tBu), 58.3 (CH=, cod), 68.7 (CH=, cod), 
71.7 (CH-N), 75.7 (CH2-O), 105.6 (d, CH=, cod, JC-P =11.5 Hz), 105.7 (d, CH=, cod, JC-
P =14.5 Hz), 117.6-149.5 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B =49.7 Hz), 
172.4 (C=N). MS HR-ESI [found 978.4208, C51H64IrNO4P (M-BArF)+ requires 
978.4202]. 
 
[Ir(cod)(L3b)]BArF: Yield: 63 mg (92%). 31P NMR (161.9 MHz, CDCl3): 120.8 (s). 1H 
NMR (400 MHz, CDCl3): δ=  0.07 (s, 9H, CH3, SiMe3), 0.17 (s, 9H, CH3, SiMe3), 1.26 
(m, 1H, CH2, cod), 1.57 (m, 1H, CH2, cod), 1.77 (m, 1H, CH2, cod), 1.99-2.06 (m, 2H, 
CH2, cod), 2.21 (m, 3H, CH2, cod), 3.53 (m, 1H, CH=, cod), 3.91 (m, 1H, CH=, cod), 
4.47, (dd, 1H, CH-O, 2JH-H = 9.6 Hz, 3JH-H = 3.6 Hz), 4.78 (pt, 1H, CH-O, JH-H = 9.2 Hz), 
5.29 (m, 1H, CH-N), 5.40 (m, 1H, CH=, cod), 5.54 (m, 1H, CH=, cod), 6.58 (d, 1H, 
CH=, 3JH-H = 8.4 Hz), 6.75 (d, 1H, CH=, 3JH-H = 8.4 Hz), 7.06-7.34 (m, 7H, CH=), 
7.42-7.56 (m, 7H, CH=), 7.66-7.73 (m, 10H, CH=), 7.90 (d, 1H, CH=, 3JH-H = 8.4 Hz), 
7.96 (dd, 1H, CH=, 3JH-H = 7.6 Hz, 4JH-H = 1.2 Hz), 8.03 (d, 1H, CH=, 3JH-H = 8.4 Hz), 
8.06 (s, 1H, CH=), 8.17 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3): -0.7 (CH3, SiMe3), 
0.3 (CH3, SiMe3), 26.3 (CH2, cod), 29.7 (CH2, cod), 30.4 (CH2, cod), 34.9 (CH2, cod), 
60.6 (CH=, cod), 68.6 (CH=, cod), 72.4 (CH-N), 76.4 (CH2-O), 106.2 (d, CH=, cod, JC-
P= 15.29 Hz), 106.5 (d, CH=, cod, JC-P= 12.2 Hz), 117.4-150.8 (aromatic carbons), 
161.7 (q, C-B, BArF, 1JC-B =49.7 Hz), 170.2 (C=N). MS HR-ESI [found 998.2805, 
C49H52IrNO4PSi2 (M-BArF)+ requires 998.2802]. 
 
[Ir(cod)(L3c)]BArF: Yield: 65 mg (95%). 31P NMR (161.9 MHz, CDCl3): 112.9 (s). 1H 
NMR (400 MHz, CDCl3): δ=  0.24 (s, 9H, CH3, SiMe3), 0.49 (s, 9H, CH3, SiMe3), 1.46 
(m, 1H, CH2, cod), 1.57-1.71 (m, 4H, CH2, cod), 1.80 (m, 1H, CH2, cod), 2.15 (m, 2H, 
CH2, cod), 2.73 (m, 1H, CH=, cod), 3.93 (m, 1H, CH=, cod), 4.51, (dd, 1H, CH-O, 2JH-H 
= 9.2 Hz, 3JH-H = 7.2 Hz), 4.96 (pt, 1H, CH-O, JH-H = 9.2 Hz), 5.33 (m, 1H, CH=,cod),  
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5.55 (m, 1H, CH-N), 5.56 (m, 1H, CH=, cod), 6.81 (d, 1H, CH=, 3JH-H = 8.4 Hz), 6.88 
(d, 1H, CH=, 3JH-H = 8.8 Hz), 7.03 (d, 1H, CH=, 3JH-H = 8.4 Hz) 7.23 (m, 3H, CH=), 
7.36-7.59 (m, 12H, CH=), 7.72 (m, 8H, CH=), 7.79 (d, 1H, CH=, 3JH-H = 5.2 Hz), 7.93 
(d, 1H, CH=, 3JH-H = 8Hz Hz), 8.00 (d, 1H, CH=, 3JH-H = 8.0 Hz), 8.06 (s, 1H, CH=), 
8.21 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3= 0.1 (CH3, SiMe3), 0.4 (CH3, SiMe3), 
26.1 (CH2, cod), 29.7 (CH2, cod), 30.3 (CH2, cod), 34.1 (CH2, cod), 57.6 (CH=, cod), 
69.2 (CH=, cod), 72.1 (CH-N), 75.9 (CH2-O), 105.9 (CH=, cod), 106.1 (CH=, cod), 
117.4-150.6 (aromatic carbons), 161.7 (q, C-B, BArF, 1JC-B =49.7 Hz), 173.0 (C=N). 
MS HR-ESI [found 998.2807, C49H52IrNO4PSi2 (M-BArF)+ requires 998.2802]. 
 
[Ir(cod)(L4a)]BArF: Yield: 64 mg (95%). 31P NMR (161.9 MHz, CDCl3): δ=107.4 (s). 
1H NMR (400 MHz, CDCl3): δ=  1.02 (s, 9H, CH3, tBu), 1.15 (s, 9H, CH3, tBu), 1.35 (s, 
9H, CH3, tBu), 1.38 (s, 9H, CH3, tBu,) 1.55 (s, 9H, CH3, tBu), 1.7 (m, 1H, CH2, cod), 1.8 
(m, 2H, CH2, cod), 2.0 (m, 1H, CH2, cod),  2.17 (m, 1H, CH2, cod), 2.3 (m, 2H, CH2, 
cod), 2.5 (m, 1H, CH2, cod), 3.3 (m, 1H, CH=, cod), 4.1 (dd, 1H, CH-N, 2JH-H = 9.2 Hz, 
3JH-H = 3.2 Hz), 4.18 (m, 1H, CH=, cod), 4.38 (pt, 1H, CH-O, JH-H =9.6 Hz), 4.6 (dd, 
1H, CH-O, 2JH-H = 10Hz, 3JH-H = 3.6 Hz),  5.25 (m, 1H, CH=, cod), 5.49 (m, 1H, CH=, 
cod), 6.23 (d, 1H, CH=, 3JH-H= 7.2 Hz), 7.31 (t, 1H, CH=, 3JH-H= 8 Hz), 7.39 (d, 3H, 
CH=, 3JH-H= 6.4 Hz), 7.45 (t, 1H, CH=, 3JH-H= 7.2 Hz), 7.52 (m, 5H, CH=), 7.71 (s, 9H, 
CH=) . 13C NMR (100.6 MHz, CDCl3): δ=24.4 (CH2, cod), 25.9 (CH3, tBu), 28.1 (CH2, 
cod), 30.0 (CH3, tBu), 30.9 (CH3, tBu), 31.2 (CH3, tBu), 31.5 (CH3, tBu), 31.7 (d, CH2, 
cod, JC-P= 1.6Hz ),  34.3 (C, tBu), 34.7 (C, tBu), 34.9 (C, tBu), 35.0 (C, tBu), 35.7(C, 
tBu), 36.4 (d, CH2, cod, JC-P= 6.0 Hz), 61.6 (CH=, cod), 66.0 (CH=, cod), 69.1 (CH2-
O), 77.5 (CH-N), 104.4 (d, CH=, cod, JC-P =19.9 Hz), 106.6 (d, CH=, cod, JC-P =13.6 
Hz), 117.4-149.8 (aromatic carbons), 161.5 (q, C-B, BArF, 1JC-B =49.7 Hz), 168.9 
(C=N). MS HR-ESI [found 958.4521, C49H68IrNO4P (M-BArF)+ requires 958.4515]. 
 
[Ir(cod)(L4b)]BArF: Yield: 63 mg (92%). 31P NMR (161.9 MHz, CDCl3): δ=116.9 (s). 
1H NMR (400 MHz, CDCl3): δ= 0.0 (s, 9H, CH3, SiMe3), 0.61 (s, 9H, CH3, SiMe3), 1.08 
(s, 9H, CH3, tBu), 1.58-1.79 (b, 2H, CH2, cod), 2.0 (m, 1H, CH2, cod), 2.13 (m, 1H, 
CH2, cod), 2.30 (m, 2H, CH2, cod), 2.58 (m, 2H, CH2, cod), 3.9 (m, 1H, CH=, cod), 4.0 
(m, 1H, CH-N),  4.1 (m, 1H, CH=, cod), 4.38 (pt, 1H, CH-O, JH-H =10 Hz), 4.62 (dd, 
1H, CH-O, 2JH-H = 9.6 Hz, 3JH-H = 3.6 Hz),  5.48 (m, 2H, CH=, cod), 6.44 (d, 1H, CH=, 
3JH-H= 8.8 Hz), 7.09 (t, 2H, CH=, 3JH-H= 8.8 Hz), 7.30 (t, 2H, CH=, 3JH-H= 7.6 Hz), 7.40 
(m, 2H, CH=), 7.52 (m, 5H, CH=), 7.71 (s, 9H, CH=), 7.80 (dd, 1H, CH=, 3JH-H= 8.0 
Hz, 2JH-H= 1.6 Hz), 7.89 (d, 1H, CH=, 3JH-H= 7.6 Hz), 8.03 (d, 1H, CH=, 3JH-H= 8.4 Hz), 
8.07 (s, 1H, CH=), 8.13 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3): δ= -1.5 (CH3, 
SiMe3), 0.6 (CH3, SiMe3), 25.0 (CH2, cod), 26.4 (CH3, tBu), 28.7 (CH2, cod), 31.4 (CH2, 
cod), 34.0 (C, tBu), 36.0 (d, CH2, cod, JC-P= 6.8Hz), 60.7 (CH=, cod), 67.9 (CH=, cod), 
69.0 (CH2-O), 78.5 (CH-N), 106.5 (d, CH=, cod, JC-P =20.6 Hz), 108.4 (d, CH=, cod, 
JC-P =15.3 Hz), 117.4-152.8 (aromatic carbons), 161.5 (q, C-B, BArF, 1JC-B =49.7 Hz), 
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168.3 (C=N). MS HR-ESI [found 978.3121, C47H56IrNO4PSi2 (M-BArF)+ requires 
978.3115].  
 
[Ir(cod)(L4c)]BArF: Yield: 64 mg (94%). 31P NMR (161.9 MHz, CDCl3): δ=113.8 (s). 
1H NMR (400 MHz, CDCl3): δ= 0.0 (s, 9H, CH3, SiMe3), 0.53 (s, 9H, CH3, SiMe3), 1.13 
(s, 9H, CH3, tBu), 1.58 (m, 1H, CH2, cod), 1.7 (m, 2H, CH2, cod), 1.95 (m, 1H, CH2, 
cod), 2.23 (m, 2H, CH2, cod), 2.32 (m, 2H, CH2, cod), 2.78 (m, 1H, CH=, cod), 3.89 
(m, 1H, CH=, cod), 4.1 (m, 1H, CH-N),  4.4 (pt, 1H, CH-O, 3JH-H = 9.2 Hz), 4.67 (dd, 
1H, CH-O, 2JH-H = 10.4 Hz, 3JH-H = 2.0 Hz),  5.43 (m, 1H, CH=, cod), 5.58 (m, 1H, 
CH=, cod), 6.70 (d, 1H, CH=, 3JH-H= 8.8 Hz), 6.87 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.03 
(d, 1H, CH=, 3JH-H= 8.0 Hz), 7.19 (t, 1H, CH=, 3JH-H= 7.6 Hz), 7.29 (m, 1H, CH=), 7.37 
(t, 1H, CH=, 3JH-H= 7.6 Hz), 7.47-7.59 (m, 7H, CH=), 7.71 (s, 8H, CH=), 7.87-7.98 
(m, 4H, CH=), 8.17 (s, 1H, CH=).13C NMR (100.6 MHz, CDCl3): δ=0.0 (CH3, SiMe3), 
0.1 (CH3, SiMe3),  24.5 (CH2, cod), 25.9 (CH3, tBu), 28.8 (CH2, cod), 29.7 (C, tBu),  
30.9 (CH2, cod),  36.7 (CH2, cod), 56.3 (CH=, cod), 66.6 (CH=, cod), 69.1 (CH2-O), 
76.5 (CH-N), 106.9 (d, CH=, cod, JC-P =15.3 Hz), 108.4 (d, CH=, cod, JC-P =18.4 Hz), 
117.4-151.0 (aromatic carbons), 161.5 (q, C-B, BArF, 1JC-B =49.7 Hz), 170.1 (C=N). 
MS HR-ESI [found 978.3119, C47H56IrNO4PSi2 (M-BArF)+ requires 978.3115]. 
 
[Ir(cod)(L5a)]BArF: Yield: 65 mg (94%). 31P NMR (161.9 MHz, CDCl3): δ=100.9 (s). 
1H NMR (400 MHz, CDCl3): δ= 1.28 (s, 9H, CH3, tBu), 1.39 (s, 9H, CH3, tBu), 1.48 (s, 
9H, CH3, tBu), 1.63 (s, 9H, CH3, tBu), 1.8-2.05 (b, 4H, CH2, cod), 2.17-2.5 (b, 4H, CH2, 
cod), 3.2 (m, 1H, CH=, cod), 3.66 (d, 1H, CH2, 2JH-H = 12Hz), 4.16 (m, 1H, CH-O), 
4.45 (m, 1H, CH=, cod), 4.7 (d, 1H, CH2, 2JH-H =11.2 Hz), 4.84 (m, 1H, CH-O), 5.07 
(b, 1H, CH=, cod), 5.27 (m, 1H, CH-N), 5.9 (m, 1H, CH=, cod), 6.98-7.55 (m, 17H, 
CH=), 7.72 (m, 8H, CH=).13C NMR (100.6 MHz, CDCl3): δ=22.6 (CH2, cod), 25.5 (CH2, 
cod), 29.3 (CH2, cod) 29.7 (d, CH2, cod, JC-P= 6.1 Hz), 31.0 (CH3, tBu), 31.3 (CH3, tBu), 
31.5 (CH3, tBu), 31.6 (CH3, tBu), 34.6 (CH2),  34.8 (C, tBu), 34.8 (C, tBu), 35.2 (C, 
tBu), 35.5 (C, tBu), 58.3 (CH=, cod), 68.7 (CH=, cod), 71.7 (CH-N), 75.7 (CH2-O), 
105.6 (d, CH=, cod, JC-P =11.5 Hz), 105.7 (d, CH=, cod, JC-P =14.5 Hz), 117.6-149.5 
(aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B =49.7 Hz), 172.4 (C=N). MS HR-ESI 
[found 992.4363, C52H66IrNO4P (M-BArF)+ requires 992.4359]. 
 
[Ir(cod)(L5b)]BArF: Yield: 63 mg (91%). 31P NMR (161.9 MHz, CDCl3): δ=104.1 (s). 
1H NMR (400 MHz, CDCl3): δ= 0.3 (s, 9H, CH3, SiMe3), 0.61 (s, 9H, CH3, SiMe3), 1.30-
1.5 (b, 2H, CH2, cod), 1.74 (m, 1H, CH2, cod), 1.9 (m, 2H, CH2, cod), 2.20 (m, 1H, 
CH2, cod), 2.3 (m, 2H, CH2, cod), 3.3 (m, 1H, CH=, cod), 3.9 (d, 1H, CH2, 2JH-H = 15.6 
Hz), 4.4 (m, 1H, CH=, cod), 4.44 (m, 1H, CH-O), 4.6 (m, 1H, CH=, cod), 4.66 (m, 1H, 
CH2), 4.74 (pt, 1H, CH-O, JH-H = 8.8 Hz), 5.2 (m, 1H, CH-N), 5.5 (m, 1H, CH=, cod), 
6.68 (t, 1H, CH=, 3JH-H = 8.4 Hz), 6.76 (d, 1H, CH=, 3JH-H = 8.4 Hz), 7.00 (m, 3H, 
CH=), 7.34 (m, 2H, CH=), 7.39-7.54 (m, 10H, CH=), 7.71 (s, 10H, CH=), 7.89 (d, 1H, 
CH=, 3JH-H= 8.0 Hz), 7.99 (s, 1H, CH=), 8.03 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.26 (s, 1H, 
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CH=). 13C NMR (100.6 MHz, CDCl3): δ= 0.3 (CH3, SiMe3), 0.4 (CH3, SiMe3), 26.0 (CH2, 
cod), 29.6 (CH2, cod), 31.7 (CH2, cod), 35.4 (CH2), 35.7 (d, CH2, cod, JC-P= 4.5 Hz), 
59.9 (CH=, cod), 70.1 (d, CH=, cod, JC-P= 1.5 Hz), 71.5 (CH-N), 78.9 (CH2-O), 105.9 
(d, CH=, cod, JC-P =18.3 Hz), 106.2 (d, CH=, cod, JC-P =15.3 Hz), 117.4-151.3 
(aromatic carbons), 161.8 (q, C-B, BArF, 1JC-B =49.7 Hz), 176.8 (d, C=N, JC-P= 4.5 
Hz). MS HR-ESI [found 1012.2961, C50H54IrNO4PSi2 (M-BArF)+ requires 1012.2958]. 
 
[Ir(cod)(L5c)]BArF: Yield: 67 mg (96%). 31P NMR (161.9 MHz, CDCl3): δ=102.2 (s). 
1H NMR (400 MHz, CDCl3): δ= 0.48 (s, 9H, CH3, SiMe3), 0.62 (s, 9H, CH3, SiMe3), 1.48 
(b, 2H, CH2, cod), 1.65 (m, 2H, CH2, cod), 1.85 (m, 2H, CH2, cod), 2.08 (m, 1H, CH2, 
cod), 2.4 (m, 1H, CH2, cod), 2.6 (m, 1H, CH=, cod), 3.6 (d, 1H, CH2, 2JH-H = 14.8 Hz), 
4.12 (m, 1H, CH=, cod), 4.15 (m, 1H, CH-O), 4.69 (d, 1H, CH2, 2JH-H = 14.4 Hz), 4.85 
(pt, 1H, CH-O, JH-H = 10 Hz), 5.2 (m, 1H, CH=, cod), 5.3 (m, 1H, CH-N), 5.7 (m, 1H, 
CH=, cod), 5.84 (d, 1H, CH=, 3JH-H =8.0 Hz), 6.72 (d, 1H, CH=, 3JH-H =8.8 Hz), 6.90 (t, 
1H, CH=, 3JH-H =8.4 Hz), 6.98 (d, 1H, CH=, 3JH-H =8.8 Hz), 7.04 (t, 1H, CH=, 3JH-H =7.6 
Hz), 7.17 (t, 1H, CH=, 3JH-H =7.6 Hz), 7.40 (m, 4H, CH=), 7.45-7.82 (m, 9H, CH=), 
7.71 (s, 8H, CH=), 7.91 (d, 1H, CH=, 3JH-H =8.0 Hz), 8.00 (d, 1H, CH=, 3JH-H =8.0 Hz), 
8.08 (s, 1H, CH=), 8.29 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3): δ= 0.6 (CH3, 
SiMe3), 0.8 (CH3, SiMe3), 25.2 (CH2, cod), 29.7 (CH2, cod), 30.3 (CH2, cod), 34.1 (CH2, 
cod), 35.4 (CH2), 57.6 (CH=, cod), 69.5 (CH=, cod), 70.9 (CH-N), 77.2 (CH2-O), 103.5 
(d, CH=, cod, JC-P =19.8 Hz), 106.4 (d, CH=, cod, JC-P =15.3 Hz), 117.4-151.8 
(aromatic carbons), 161.8 (q, C-B, BArF, 1JC-B =49.7 Hz), 174.5 (C=N). MS HR-ESI 
[found 1012.2962, C50H54IrNO4PSi2 (M-BArF)+ requires 1012.2958]. 
 
[Ir(cod)(L6a)]BArF: Yield: 63 mg (93%). 31P NMR (161.9 MHz, CDCl3): δ=101.1 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.79 (d, 3H, CH3, iPr, 3JH-H = 6.0 Hz), 1.00 (d, 3H, CH3, 
iPr, 3JH-H = 6.8 Hz), 1.30 (s, 9H, CH3, tBu), 1.39 (s, 9H, CH3, tBu), 1.44 (s, 9H, CH3, 
tBu), 1.57 (s, 9H, CH3, tBu), 2.05-2.5 (b, 8H, CH2, cod), 2.32 (m, 1H, CH, iPr), 3.5 (m, 
1H, CH=, cod), 3.60 (d, 1H, CH2, 2JH-H = 14.8Hz), 4.07 (m, 1H, CH-N), 4.31 (m, 2H, 
CH2-O), 4.62 (d, 1H, CH2, 2JH-H =14.4 Hz), 4.7 (m, 1H, CH=, cod), 5.12 (m, 1H, CH=, 
cod), 5.07 (b, 1H, CH=, cod), 5.42 (d, 1H, CH=, 3JH-H = 8.0 Hz), 5.7 (m, 1H, CH=, 
cod), 6.90 (t, 1H, CH=, 3JH-H = 8 Hz), 7.00 (t, 1H, CH=, 3JH-H = 7.6 Hz), 7.10 (d, 1H, 
CH=, 3JH-H = 8.4Hz),  7.16 (d, 1H, CH=, 3JH-H= 6.8Hz), 7.4 (m, 1H, CH=), 7.53 (s, 
5H, CH=), 7.64 (m, 1H, CH=), 7.72 (s, 8H, CH=). 13C NMR (100.6 MHz, CDCl3): 
δ=15.0 (CH3, iPr), 19.8 (CH3, iPr), 25.3 (CH2, cod), 29.3 (CH2, cod), 30.9 (CH3, tBu), 
31.2 (CH3, tBu), 31.3 (CH3, tBu), 31.7 (CH3, tBu), 31.8 (CH2, cod),  32.9 (CH, iPr), 34.6 
(C, tBu), 34.9 (C, tBu), 35.0 (CH2), 35.2 (C, tBu), 35.5 (C, tBu), 36.0 (CH2, cod), 58.8 
(CH=, cod), 69.5 (CH=, cod), 69.6 (CH2-O), 71.2(CH-N), 102.4 (d, CH=, cod, JC-P 
=19.9 Hz), 106.6 (d, CH=, cod, JC-P =14.5 Hz), 117.4-149.5 (aromatic carbons), 161.7 
(q, C-B, BArF, 1JC-B =49.7 Hz), 171.9 (C=N). MS HR-ESI [found 958.4522, 
C49H68IrNO4P (M-BArF)+ requires 958.4515]. 
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[Ir(cod)(L6b)]BArF: Yield: 65 mg (95%). 31P NMR (161.9 MHz, CDCl3): δ=105.2 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.31 (s, 9H, CH3, SiMe3), 0.55 (s, 9H, CH3, SiMe3), 0.82 
(d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 0.92 (d, 3H, CH3, iPr, 3JH-H = 7.2 Hz), 1.51 (m, 1H, 
CH2, cod), 1.72 (m, 1H, CH2, cod), 1.82 (m, 1H, CH, iPr), 2.08 (m, 2H, CH2, cod), 2.49 
(m, 4H, CH2, cod), 3.44 (m, 1H, CH=, cod), 3.74 (d, 1H, CH2, 2JH-H = 16 Hz), 4.11 (m, 
1H, CH-N), 4.29 (pt, 1H, CH-O, JH-H = 8.4 Hz), 4.4 (m, 1H, CH=, cod), 4.47 (d, 1H, 
CH2, 2JH-H =15.6 Hz), 4.49 (m, 1H, CH-O), 4.97 (d, 1H, CH=, 3JH-H = 8.4 Hz), 5.46 (m, 
1H, CH=, cod), 5.8 (b, 1H, CH=, cod), 6.61 (t, 1H, CH=, 3JH-H = 8.0 Hz), 6.76 (d, 1H, 
CH=, 3JH-H = 8.8 Hz), 6.95 (t, 1H, CH=, 3JH-H = 7.6 Hz), 7.04 (d, 2H, CH=, 3JH-H = 8.4 
Hz),  7.16 (d, 1H, CH=, 3JH-H = 7.6 Hz), 7.24 (m, 1H, CH=), 7.48 (t, 1H, CH=, 3JH-H = 
7.6 Hz), 7.52 (s, 6H, CH=), 7.71 (s, 8H, CH=), 7.90 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.00 
(s, 1H, CH=), 8.03 (d, 1H, CH=, 3JH-H = 8.4 Hz), 8.25 (s, 1H, CH=). 13C NMR (100.6 
MHz, CDCl3): δ=0.0 (CH3, SiMe3), 0.1 (CH3, SiMe3), 13.8 (CH3, iPr), 18.6 (CH3, iPr), 
26.4 (CH2, cod), 29.7 (CH2, cod), 30.6 (CH, iPr), 31.5 (CH2, cod), 35.1 (CH2), 35.4 
(CH2, cod), 60.5 (CH=, cod), 68.7 (CH=, cod), 71.2 (CH2-O), 72.7 (CH-N), 103.0 (d, 
CH=, cod, JC-P =15.9 Hz), 105.8 (d, CH=, cod, JC-P =18.3 Hz), 117.4-151.0 (aromatic 
carbons), 161.6 (q, C-B, BArF, 1JC-B =50.5 Hz), 178.0 (C=N). MS HR-ESI [found 
978.3119, C47H56IrNO4PSi2 (M-BArF)+ requires 978.3115]. 
 
[Ir(cod)(L6c)]BArF: Yield: 63 mg (92%). 31P NMR (161.9 MHz, CDCl3): δ=103.3 (s). 
1H NMR (400 MHz, CDCl3): δ=  0.46 (s, 9H, CH3, SiMe3), 0.58 (s, 9H, CH3, SiMe3), 0.80 
(d, 3H, CH3, iPr, 3JH-H = 6.4 Hz), 0.97 (d, 3H, CH3, iPr, 3JH-H = 7.2 Hz), 1.52 (m, 1H, 
CH2, cod), 1.67 (m, 1H, CH2, cod), 1.95-2.07 (m, 2H, CH2, cod), 2.27 (m, 2H, CH2, 
cod), 2.34 (m, 1H, CH, iPr), 2.49 (m, 2H, CH2, cod), 3.09 (m, 1H, CH=, cod), 3.57 (d, 
1H, CH2, 2JH-H = 14.4 Hz), 4.03 (m, 1H, CH-N), 4.30 (m, 2H, CH2-O), 4.31 (m, 1H, 
CH=, cod), 4.57 (d, 1H, CH2, 2JH-H = 14.4 Hz), 5.33 (m, 1H, CH=, cod), 5.58 (m, 1H, 
CH=, cod), 5.59 (m, 1H, CH=), 6.73 (d, 1H, CH=, 3JH-H = 8.8 Hz), 6.78 (t, 1H, CH=, 
3JH-H = 7.2 Hz), 7.00 (m, 2H, CH=),  7.16 (m, 2H, CH=), 7.47 (m, 1H, CH=), 7.53 (s, 
5H, CH=), 7.71 (s, 9H, CH=), 7.91 (d, 1H, CH=, 3JH-H = 7.6 Hz), 8.00 (d, 1H, CH=, 3JH-
H = 7.6 Hz), 8.06 (s, 1H, CH=),  8.27 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3): 
δ=0.6 (CH3, SiMe3), 0.7 (CH3, SiMe3), 14.9 (CH3, iPr), 19.7 (CH3, iPr), 25.7 (CH2, cod), 
29.7 (CH2, cod), 30.2 (CH, iPr), 32.5 (CH2, cod), 35.3 (CH2), 35.6 (CH2, cod), 59.3 
(CH=, cod), 69.1 (CH=, cod), 69.5 (CH2-O), 70.4 (CH-N), 105.8 (d, CH=, cod, JC-P 
=9.15 Hz), 106.0 (d, CH=, cod, JC-P =11.46 Hz), 117.4-151.2 (aromatic carbons), 
161.7 (q, C-B, BArF, 1JC-B =48.9 Hz), 172.0 (C=N). MS HR-ESI [found 978.3122, 
C47H56IrNO4PSi2 (M-BArF)+ requires 978.3115]. 
 
[Ir(cod)(L7a)]BArF: Yield: 62 mg (91%). 31P NMR (161.9 MHz, CDCl3): δ=100.2 (s). 
1H NMR (400 MHz, CDCl3): δ= 1.09 (s, 9H, CH3, tBu), 1.30 (s, 9H, CH3, tBu), 1.38 (s, 
9H, CH3, tBu), 1.44 (s, 9H, CH3, tBu), 1.57 (s, 9H, CH3, tBu), 2.05 (m, 2H, CH2, cod), 
2.06 (m, 2H, CH2, cod), 2.27 (m, 2H, CH2, cod), 2.39 (m, 2H, CH2, cod), 3.46 (m, 1H, 
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CH=, cod), 3.61 (d, 1H, CH2, 2JH-H = 14.8 Hz), 3.97 (m, 1H, CH-N), 4.31 (pt, 1H, CH-
O, JH-H = 10.4 Hz), 4.31 (m, 1H, CH-O), 4.72 (m, 1H, CH=, cod), 4.88 (d, 1H, CH2, 2JH-
H =14.4 Hz), 5.03 (m, 1H, CH=, cod), 5.57 (d, 1H, CH=, 3JH-H = 7.6 Hz), 5.7 (m, 1H, 
CH=, cod), 6.92-7.044 (m, 3H, CH=), 7.16 (m, 2H, CH=), 7.26 (m, 1H, CH=), 7.41 
(m, 1H, CH=), 7.53 (s, 3H, CH=), 7.64 (m, 1H, CH=), 7.72 (s, 8H, CH=). 13C NMR 
(100.6 MHz, CDCl3): δ=24.8 (CH2, cod), 26.0 (CH3, tBu), 29.5 (CH2, cod), 30.9 (CH3, 
tBu), 31.2 (CH3, tBu), 31.3 (CH3, tBu), 31.8 (CH3, tBu), 32.5 (CH2, cod), 34.5 (C, tBu), 
34.6 (C, tBu), 34.9 (C, tBu), 35.1 (C, tBu), 35.8 (CH2), 36.0 (CH2, cod), 57.8 (CH=, 
cod), 68.8 (CH=, cod), 71.1 (CH2-O), 75.7 (CH-N), 99.3 (d, CH=, cod, JC-P =21.4 Hz), 
106.7 (d, CH=, cod, JC-P =14.5 Hz), 117.5-151.3 (aromatic carbons), 161.6 (q, C-B, 
BArF, 1JC-B =49.7 Hz), 171.8 (C=N). MS HR-ESI [found 972.4675, C50H70IrNO4P (M-
BArF)+ requires 972.4672]. 
 
[Ir(cod)(L7c)]BArF: Yield: 66 mg (96%). 31P NMR (161.9 MHz, CDCl3): δ=101.7 (s). 
1H NMR (400 MHz, CDCl3): δ= 0.47 (s, 9H, CH3, SiMe3), 0.58 (s, 9H, CH3, SiMe3), 1.05 
(s, 9H, CH3, tBu), 1.44 (m, 1H, CH2, cod), 1.58 (m, 1H, CH2, cod), 1.92 (m, 1H, CH2, 
cod), 2.06 (m, 1H, CH2, cod), 2.17 (m, 1H, CH2, cod), 2.31 (m, 1H, CH2, cod), 2.38 
(m, 1H, CH2, cod), 2.48 (m, 1H, CH2, cod), 2.89 (m, 1H, CH=, cod), 3.58 (d, 1H, CH2, 
2JH-H = 14.4 Hz), 3.87 (m, 1H, CH-N), 4.29 (m, 1H, CH-O), 4.30 (m, 1H, CH=, cod), 
4.63 (m, 1H, CH-O), 4.84 (d, 1H, CH2, 2JH-H = 14.4 Hz), 5.34 (m, 1H, CH=, cod), 5.58 
(m, 1H, CH=, cod), 5.90 (d, 1H, CH=, 3JH-H = 8.0Hz), 6.68 (d, 1H, CH=, 3JH-H = 8.4 
Hz), 6.89-7.05 (m, 3H, CH=), 7.17 (m, 2H, CH=), 7.46 (m, 2H, CH=), 7.53 (s, 4H, 
CH=), 7.72 (s, 9H, CH=), 7.92 (d, 1H, CH=, 3JH-H = 8.0 Hz), 7.99 (d, 1H, CH=, 3JH-H = 
8.4 Hz), 8.08 (s, 1H, CH=),  8.26 (s, 1H, CH=). 13C NMR (100.6 MHz, CDCl3): δ=0.4 
(CH3, SiMe3), 0.7 (CH3, SiMe3), 25.1 (CH2, cod), 26.1 (CH3, tBu), 29.7 (CH2, cod), 30.3 
(d, CH2, cod, JC-P= 19.1 Hz), 34.6 (C, tBu), 35.6 (d, CH2, cod, JC-P= 5.3 Hz), 36.1 (CH2), 
57.6 (CH=, cod), 68.1 (CH=, cod), 71.2 (CH2-O), 74.9 (CH-N), 104.3 (d, CH=, cod, JC-
P =18.0 Hz), 106.8 (d, CH=, cod, JC-P =15.3 Hz), 117.4-151.1 (aromatic carbons), 
161.7 (q, C-B, BArF, 1JC-B =49.7 Hz), 171.8 (C=N). MS HR-ESI [found 992.3274, 
C48H58IrNO4PSi2 (M-BArF)+ requires 992.3271]. 
 
5.2.4.4. Typical procedure for the hydrogenation of olefins.  
The alkene (0.5 mmol) and Ir complex (2 mol %) were dissolved in CH2Cl2 (2 mL) an 
placed in a high-pressure autoclave. The autoclave was purged 4 times with hydrogen. 
Then, it was pressurized at the desired pressure. After the desired reaction time, the 
autoclave was depressurized and the solvent evaporated off. The residue was dissolved 
in Et2O (1.5 ml) and filtered through a short plug of celite. The enantiomeric excess 
was determined by chiral GC or chiral HPLC and conversions were determined by 1H 
NMR. The enantiomeric excesses of hydrogenated products from S1-S549 as well as for 
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cyclic -enamides S32-S3822 were determined using the conditions previously 
described. 
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5.3. Asymmetric Ir-catalyzed hydrogenation of challenging olefins 
using phosphite/phosphinite-oxazoline PHOX-based ligands 
containing an alkyl backbone chain 
 
Magre, M.; Coll, M.; Pàmies, O.; Diéguez, M. Manuscript in preparation 
 
Abstract: We report the successful application of Ir(I)-catalyst precursors modified with 
easily accessible phosphite/phosphinite-oxazoline ligands L8-L14a-h for the asymmetric 
hydrogenation of several substrate types. The ligands used differ from previously phosphite-
oxazoline PHOX ligands presented in Section 5.3 in the presence of an alkyl chain instead of 
the flat ortho-phenylene tether. By suitable choosing the ligands parameters, however, we 
have been able to achieve high enantioselectivities (typically ee’s>95%) not only for a wide 
range of minimally functionalized tri- and disubstituted olefins, with examples containing 
poorly coordinative groups; but also in the hydrogenation of challenging functionalized -aryl 
enamides, which provide easy access to 2-aminotetralines and 3-aminochromanes. 
5.3.1. Introduction 
The preparation of enantiomerically pure compounds is of great importance in several 
important fields such as pharmaceuticals, agrochemicals, fine chemicals and natural 
product chemistry. In this context, metal-catalyzed asymmetric transformations have 
become one of the most powerful tools for their preparation. 1  Among them, the 
asymmetric hydrogenation of prochiral olefins and ketones have turned out to be one 
of the most reliable catalytic methods for the synthesis of optically active compounds, 
mainly because of its perfect atom economy, operational simplicity and high 
efficiency.1, 2  This field has been dominated by the Rh/Ru-catalyzed asymmetric 
reduction of substrates with a good coordinating group close to the C=C bond, which 
its chelating ability is key in transferring the chiral information from the catalysts to the 
product. Today, a remarkable range of ligands are being applied to transform a broad 
range of functionalized substrates. Although, the hydrogenation of cyclic -aryl-N-
acetyl enamides is still a challenge. 3  In contrast to Rh/Ru-hydrogenation, the 
asymmetric reduction of olefins that do not have an adjacent coordinative polar group 
- minimally functionalized olefins - is still challenging and requires more sophisticated 
ligand design.4 
An important breakthrough in the asymmetric hydrogenation of minimally 
functionalized olefins came when Pfaltz and coworkers used phosphine-oxazoline PHOX 
ligands to design [Ir(PHOX)(cod)]PF6, a chiral analogue of Crabtree’s catalyst5.6 The 
authors early found that the new catalyst was unstable to the reaction conditions. 
Pfaltz and co-workers overcame this limitation by changing the hexafluorophosphate 
anion to [(3,5-(CF3)2-C6H3)4B]- ([BArF]-).7 Since then, most of the research in this field 
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have been dedicated to develop new Ir-catalysts modified with heterodonor P,N-
ligands. Among them, the use of phosphine/phosphinite-oxazoline ligands has played a 
predominant role.8  Our group has also shown that the substrate versatility of this 
process could be improved by the replacement of the phosphine/phosphinite moiety by 
a biaryl phosphite group.9 Since this discovery, our group has contributed to the Ir-
hydrogenation of minimally functionalized olefins with an improved series of 
ligands.10,11 Although the number of substrates that can be successfully reduced has 
increased with the new ligand designs, there are still important substrate classes that 
give unsatisfactory results with known catalysts. More research is therefore needed to 
find more versatile ligand systems that can be synthesized on an efficient and modular 
synthetic route using simple starting materials.  
In this chapter we therefore report the synthesis and application of new Ir-complexes 
modified with a chiral phosphite/phosphinite-oxazoline ligand library (L8-L14a-g; 
Figure 5.3.1). The ligand backbone resembles to that of phosphite-oxazoline PHOX 
ligands L1-L4 (Section 5.2) in which the flat ortho-phenylene tether in PHOX ligands 
has been replaced by an alkyl chain. The modular ligand design allowed us to 
systematically investigate the effect of varying: (a) the substituents and the 
introduction of a new stereogenic center in the alkyl backbone chain (ligands L8, L9 
and L13-L14); (b) the substituents and configuration of the oxazoline moiety (ligands 
L9-L12); (c) the substituents and configurations in the biaryl phosphite moiety (a-f); 
and (d) the replacement of the phosphite group by a phosphinite moiety (g-h). By 
carefully selecting these elements, we achieved high enantioselectivities in the 
asymmetric hydrogenation of a wide range of minimally functionalized olefins, with 
examples containing poorly coordinative groups, as well as a range of challenging 
cyclic -enamides. 
 
Figure 5.3.1. Phosphite/phosphinite-oxazoline ligands L8-L14a-h. 
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5.3.2.1. Preparation of Ligands 
The synthesis of the new phosphite/phosphinite-oxazoline ligands L9d-h and L10-
L11e is shown in Scheme 5.3.1. As previously described in Section 3.4, phosphite-
oxazoline ligands L9d-f and L10-L11e were prepared by coupling the corresponding 
hydroxyl-oxazoline intermediates 1-3 with the desired phosphorochloridites (ClP(OR)2; 
(OR)2 = d-f; step i). Similarly, phosphinite-oxazoline ligands were synthesized by 
treating the corresponding hydroxyl-oxazoline 1 with one equivalent of the 
corresponding chlorophosphine (ClPR2; R= g-h; step ii). All ligands were stable during 
purification on neutral alumina under an atmosphere of argon and they were isolated 
as white solids. They were stable at room temperature and very stable to hydrolysis. 
HRMS-ESI spectra were in agreement with the assigned structures. The 1H and 13C 
NMR spectra were as expected for these C1 ligands. One singlet for each compound 
was observed in the 31P NMR spectrum.  
 
Scheme 5.3.1. Synthesis of new phosphite/phosphinite-oxazoline ligands L9d-h and L10-
L11e. (i) ClP(OR)2; (OR)2 = d-f, Py, toluene, 16 h. (ii) ClPR2; NEt3, DMAP, toluene, rt, 30 
min. 
5.3.2.2. Preparation of Ir-catalyst precursors 
The reaction of the corresponding phosphite/phosphinite-oxazoline ligands L8-L14a-h 
with [Ir(μ-Cl)(cod)]2 in dichloromethane for 1 h followed by in situ chlorine abstraction 
with NaBArF produced the desired cationic catalyst precursors [Ir(cod)(L8-L14a-
h)]BArF (Scheme 5.3.2). These complexes were obtained in excellent yields and in 
pure form as orange-red solids. They were stable to air, so they were further 
manipulated and stored in air. The HRMS-ESI spectra were in agreement with the 
assigned structures, displaying the heaviest ions at m/z which correspond to the loss of 
the BArF anion from the molecular species. The 1H, 13C, and 31P NMR spectra show the 
expected pattern for these C1-complexes.  
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Scheme 5.3.2. Synthesis of catalyst precursors [Ir(cod)(L8-L14a-h)]BArF. 
5.3.2.3 Asymmetric hydrogenation of trisubstituted olefins 
As previously mentioned the effectiveness in the asymmetric hydrogenation of 
minimally functionalized olefins is highly dependent on the substrate geometry. In 
general, high enantioselectivities are achieved in the hydrogenation of E-trisubstituted 
olefins, while the reduction of Z-olefins proceeds with much low enantiocontrol. 
Catalytic systems that are able to reduce both substrate classes in high 
enantioselectivities are therefore rare. For this purpose, in a first set of experiments we 
used the Ir-catalyzed hydrogenation of substrates (E)-2-(4-methoxyphenyl)-2-butene 
S1 and (Z)-2-(4-methoxyphenyl)-2-butene S2 to study the potential of 
phosphite/phosphinite-oxazoline ligands L8-L14a-g. Substrates S1 and S2 were 
chosen as models for the hydrogenation of E- and Z-isomers, respectively, because 
they have been reduced with a wide range of ligands, which enable the efficiency of 
the various ligand systems to be compared directly. The results, which are summarized 
in Table 5.3.1, indicate that enantioselectivities are highly affected by a subtle balance 
of the substituents at the alkyl backbone, the substituents/configuration at both the 
oxazoline and the biaryl phosphite group. However, the effect of these parameters 
strongly depends on the substrate geometry. Nevertheless, we have been able to 
achieve both isomers of the hydrogenated product in high enantioselectivities (ee’s up 
to 95%) at low catalysts loadings (0.25 mol% Ir-catalyst) for both substrates using Ir-
L13b for S1 and Ir-L10e for S2 (entries 20 and 13, respectively). 
The effect of the presence of a chiral center at the alkyl backbone chain was studied 
comparing ligands L8-L9a-c (entries 1-3 vs 4-6). The results indicated that while for 
substrate S1, the introduction of a chiral center in the alkyl backbone chain has little 
effect on enantioselectivity; in the reduction of S2, the presence of a chiral alkyl 
backbone chain has a positive effect on enantioselectivity. 
The effect of the different biaryl phosphite and phosphinite moieties on catalytic 
performance was studied using ligands L9a-h. The results indicated that the presence 
of an enantiopure (R)-biaryl phosphite group is necessary for enantioselectivities to be 
high (entries 4-11). Moreover, while for substrate S1, enantioselectivity is also highly 
affected by the substituents and the dihedral angle of the biaryl phosphite group, these 
parameters hardly affected the enantiocontrol in the reduction of S2. Thus, while the 
highest enantioselectivity in the hydrogenation of S1 was achieved using ligand L9b 
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(entry 5), similarly high ee’s were obtained using ligands L9b, L9d and L9e (entries 5, 
7 and 8).  
 






Entry Ligand % Convb % eec  % Convb % eec 
1 L8a 100 91 (R)  100 40 (S) 
2 L8b 100 93 (R)  100 53 (S) 
3 L8c 100 24 (R)  100 40 (S) 
4 L9a 100 58 (R)  100 21 (S) 
5 L9b 100 92 (R)  100 86 (S) 
6 L9c 100 68 (S)  100 41 (R) 
7 L9d 100 60 (R)  100 91 (S) 
8 L9e 100 75 (R)  100 91 (S) 
9 L9f 100 67 (S)  100 44 (R) 
10 L9g 100 60 (R)  100 53 (S) 
11 L9h 100 70 (R)  100 50 (S) 
12 L10a 100 30 (R)  100 33 (S) 
13d L10e 100 64 (R)  100 92 (S) 
14 L11a 100 9 (R)  60 37 (S) 
15 L11e 100 88 (R)  60 25 (S) 
16 L12a 100 76 (S)  100 71 (R) 
17 L12b 100 0  100 33 (R) 
18 L12c 100 90 (S)  100 91 (R) 
19 L13a 100 78 (R)  100 5 (S) 
20d L13b 100 95 (R)  100 80 (S) 
21 L13c 100 40 (S)  100 45 (R) 
22 L14a 100 81 (R)  100 70 (S) 
23 L14b 100 94 (R)  100 78 (S) 
24 L14c 100 30 (R)  100 8 (S) 
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 1 mol% of Ir-
catalyst precursor at 50 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion measured 
by 1H NMR after 2 h. c Enantiomeric excess determined by GC. d Reaction carried out at 0.25 mol% 
of Ir-catalyst precursor for 3 h. 
 
The effect of the different oxazoline substituents on enantioselectivity was studied 
using ligands L9-L11. The results indicated that the nature of this substituent has a 
different effect on enantioselectivity, which is difficult to rationalize, depending on the 
geometry of the olefin. Thus, while the use of ligands with a tert-butyl oxazoline 
substituent (ligands L11) has a positive effect on enantioselectivity in the reduction of 
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S1, in the hydrogenation of S2 the use of ligands L11 provides the lowest 
enantiocontrol (i.e. entry 15 vs 8 and 13). 
The results using ligands L12, with different configuration at the oxazoline than L9, 
indicated that there is a cooperative effect between the configuration of the biaryl 
phosphite group and that of the oxazoline group, which led to a matched combination 
for ligands L9b and L12c (entries 5 and 18 vs 4, 6 and 16-17). It should be 
highlighted that the use of ligands L9b and L12c give access to the different 
enantiomers of the hydrogenated product.  
Finally, the effect of the nature of the substituent at the alkyl backbone chain was 
studied with ligands L9, L13 and L14. The results indicated that while in the reduction 
of S1 the nature of this substituent has almost no effect on enantioselectivity (i.e. 
entries 5, 20 and 23), for substrate S2, the presence of an isopropyl substituent has a 
detrimental effect on enantioselectivity (i.e. entry 23 vs 5 and 20). 
We next studied the asymmetric hydrogenation of other E- and Z-trisubstituted olefins 
(S3-S30), including examples containing neighbouring polar groups, by using ligands 
L8-L14a-g. The most noteworthy results are shown in Figure 5.3.2. We found that the 
correct choice of the ligand parameters is crucial to achieve the highest levels of 
enantioselectivity. We initially studied the hydrogenation of E-substrates S3-S4, 
related to S1, that differ in the substituents in both the aryl ring and the substituents 
trans to the aryl group. Enantioselectivities followed the same trends as those 
observed for substrate S1. High enantioselectivities were therefore obtained using Ir-
L13b catalytic system (ee's up to 98%). We next studied the hydrogenation of 
dehydronaphthalene S5, which has a Z-configuration. The results followed a different 
trend than in the reduction of model Z-substrate S2, providing enantioselectivities up 
to 67% ee using Ir-L13b catalytic system. 
We next studied the hydrogenation of a range of trisubstituted olefins containing 
several types of neighboring poorly coordinative groups S6-S30 (Figure 5.3.2). The 
hydrogenation of this type of substrates is especially relevant, because they allow for 
further functionalization and could therefore led to important intermediates for the 
synthesis of more complex chiral molecules. We found that enantioselectivities up to 
90% ee could be achieved in the reduction of allylic alcohol S6 using Ir-L9c catalytic 
system.  
A range of -unsaturated esters (S7-S12) were also hydrogenated in high 
enantioselectivities (ee’s ranging from 98% to 99%) using Ir-L13b catalyst. It should 
be noted that ee’s are highly independent of the nature of the alkyl substituent and the 
electronic nature of the substrate phenyl ring. These results are noteworthy because 
the resulting chiral carboxylic ester derivatives are present in many relevant products. 
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Figure 5.3.2. Selected results for the hydrogenation of trisubstituted olefins S3-S30 using 
[Ir(cod)(L9-L14a-g)]BArF catalyst precursors. Reaction conditions: 2 mol % catalyst 
precursor, CH2Cl2 as solvent, 50 bar H2, 2 h. a Reactions carried out for 24 h. 
We were pleased to find out that a range of -unsaturated ketones (S13-S18) could 
also be efficiently hydrogenated using Ir-L9f catalytic system (ee’s up to 97%). Again, 
ee’s are highly independent of the nature of the alkyl substituent and the electronic 
nature of the substrate phenyl ring. This represents an important entry point to the 
synthesis of ketones with stereogenic centres in the -position to the carbonyl group. 
Despite this, they have been less studied than other trisubstituted olefins with 
neighboring polar groups. 12  -Unsaturated lactones and amides (substrates S19-
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S21) represent other challenging substrate classes that have been overlooked, despite 
their potential utility for the construction of complex molecules. Thus, for instance, 
amides with stereogenic centers in the -position are present in several natural 
products and that the amide group can be easily transformed into other useful 
compounds (i.e. amines).13 Interestingly the reduction of unsaturated lactone S19 and 
amide S21 proceeded with similar excellent enantiocontrol than -unsaturated 
ketones, albeit the highest enantiomeric excesses (up to >99% ee) were achieved with 
Ir-L9c catalyst. Nevertheless, the hydrogenation of -unsaturated amide S20 
proceeds with low enantiocontrol, which contrast with the excellent enantioselectivities 
also achieved using phosphite-oxazoline PHOX-based ligands (see Section 5.2). We 
also evaluated our new ligand library in the reduction of alkenylboronic esters S22-
S25.14 Full conversions and high enantioselectivities (ee’s ranging from 98% to >99%) 
were achieved. The hydrogenation of alkenylboronic esters provides easy access to 
chiral borane compounds, which are valuable organic intermediates since the C-B bond 
can be easily transformed to C-O, C-N and C-C bonds with retention of the chirality. 
Finally, we focused our attention to the hydrogenation of a range of challenging enol 
phosphinites, including examples of pure alkyl-substituted ones (S26-S30). We were 
satisfied to find out that Ir-L9h is highly efficient in the hydrogenation of this substrate 
class (ee’s ranging from 96% to 98%), providing slightly better enantioselectivities 
than those achieved using ligands L1-L7 (see Section 5.2). The effective 
hydrogenation of this type of substrates opens up an appealing route for obtaining 
chiral organophosphinates, which can be easily transformed into high-value compounds 
such as alcohols and phosphines. 
Encouraged by these results and the excellent performance of previously presented Ir-
L1-L7 catalytic system in the hydrogenation of cyclic -aryl-N-acetyl enamides 
(Section 5.2), we decided to also explore the Ir-L8-L14a-g catalysts in the 
hydrogenation of arrange of enamides S31-S37. As mentioned in Section 5.2, the 
hydrogenation of this substrate class is still a challenge because in contrast to the 
parent -enamides most of the Rh- and Ru-catalysts provided low enantiomeric 
excesses; nevertheless, some successful protocols are available.15 Thus, for instance, 
Tang and coworkers have designed a new P-stereogenic diphosphine ligand with deep 
chiral pockets that has shown high efficiency in the Rh-catalyzed hydrogenation of this 
substrate class (ee’s ranging from 94% to 98%). As a model, we choose N-(3,4-
dihydronaphthalen-2-yl)acetamide S31 to assess the potential of the new ligand 





UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





Table 5.3.2. Selected results for the Ir-catalyzed hydrogenation of S31 using the 
phosphite/phosphinite-oxazoline ligand library L8-L14a-ha 
 
Entry Ligand % Convb % eeb 
1 L8a 100 84 (S) 
2 L8b 100 88 (S) 
3 L8c 100 22 (R) 
4 L9a 100 20 (R) 
5 L9b 100 85 (S) 
6 L9c 100 53 (R) 
7 L9d 100 84 (S) 
8 L9e 100 85 (S) 
9 L9h 100 37 (S) 
10 L10e 100 91 (S) 
11 L11e 100 40 (S) 
12 L12b 100 66 (S) 
13 L12c 100 97 (R) 
14 L13b 100 94 (S) 
15 L14b 100 92 (S) 
a Reactions carried out using 0.5 mmol of S31 and 1 mol% of Ir-catalyst precursor. b Conversion 
determined by 1H NMR. c Enantiomeric excesses determined by chiral HPLC.  
 
The results indicate that the effect of the different ligand parameters on 
enantioselectivity is very similar to that observed for the hydrogenation of S1. The 
main difference can be found in the cooperative effect between the configurations at 
the biaryl phosphite moiety and at the oxazoline group that led to a matched 
combination for Ir-L12c catalytic system (entry 13 vs 12, 5 and 6). Thus, as observed 
for the hydrogenation of S1, both enantiomers of the hydrogenation product can be 
achieved in high enantioselectivities (up to 97% ee) using Ir-L12c and Ir-L13b 
catalysts (entries 13 and 14).  
We next studied the asymmetric hydrogenation of other -aryl-N-acetyl enamides 
S32-S37 using [Ir(cod)(L12c)]BArF and [Ir(cod)(L13b)]BArF as catalyst precursors 
(Figure 5.3.3). Advantageous, the results indicate that both activities and 
enantioselectivities are relatively insensitive to the different substitution pattern in the 
aryl ring. Ir-L12c and Ir-L13b catalytic systems are therefore able to give access to 
both enantiomers of a range of 2-aminotetralines and 3-aminochromanes in excellent 
enantioselectivities (ee’s ranging from 91% to 99%). This is of great importance 
because both moieties are present in numerous biologically active natural products and 
therapeutic agents, such as Rotigotine16 and Robalzotan (NAD-299)17. 
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Figure 5.3.3. Asymmetric hydrogenation of several -aryl-N-acetyl enamides. Reaction 
conditions: 1 mol % catalyst precursor, CH2Cl2 as solvent, 50 bar H2, 24 h. 
5.3.2.4. Asymmetric hydrogenation of disubstituted olefins 
To further study the potential of the phosphite/phosphinite-oxazoline ligand library L8-
L14a-g, we also screened it in the Ir-catalyzed hydrogenation of terminal olefins.4e,h As 
mentioned in Section 5.2, enantioselectivity is more difficult to control in these 
substrates than in trisubstituted olefins. Few known catalytic systems provide high 
enantioselectivities for these substrates, and those that do are usually limited in 
substrate scope. In contrast to the hydrogenation of trisubstituted olefins, the 
enantioselectivity in the reduction of terminal alkenes is highly pressure dependent. 
Therefore, hydrogenation at an atmospheric pressure of H2 gave, in general, 
significantly higher ee values than at higher pressures.4e,h 
As a model substrate, we have chosen the 3,3-dimethyl-2-phenyl-1-butene S38 to 
assess the potential of the new ligand library. The results are summarized in Table 
5.3.3.  
The main difference with the hydrogenation of trisubstituted olefins is that the highest 
enantioselectivities are achieved with ligands containing a configurationally flexible 
biphenyl phosphite group a (comparing L9a-h; i.e. entry 4 vs 5-11). This not only 
indicates that for this substrate the ligand backbone is able to control the 
tropoisomerization of the biphenyl phosphite group (the results suggest that  biaryl 
phosphite a adopts an R-configuration for ligands L8-L11 and L13-L14 and an S-
configuration with ligands L12); but also that the flexibility of biphenyl phosphite 
group (a) helps to perfectly accommodate the catalyst’s chiral pocket to the substrate. 
In contrast to other phosphite-oxazoline ligands and in line with the results achieved 
with L1-L7 ligands (see Section 5.2) the sense of enantioselectivity is controlled by the 
configuration of the oxazoline moiety. Both enantiomers of the hydrogenated product 
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can therefore be achieved by simply changing the configuration of the oxazoline group 
(i.e. entries 4 and 16). In summary, we have been therefore able to fine-tune the 
ligand parameters to produce both enantiomers of the hydrogenated product in high 
enantioselectivities (ee’s up to 99%) at low hydrogen pressures (1 bar) using low 
catalyst loadings (0.25 mol% Ir-catalyst). 
 
Table 5.3.3. Selected results for the Ir-catalyzed hydrogenation of S38 using 
phosphite/phosphinite-oxazoline ligand library L8-L14a-ga 
 
Entry Ligand % Convb % eec Entry Ligand % Convb % eec 
1d L8a 100 99 (S) 13 L10e 100 89 (S) 
2 L8b 100 95 (S) 14 L11a 100 97 (S) 
3 L8c 100 74 (S) 15 L11e 100 77 (S) 
4 L9a 100 96 (S) 16d L12a 100 98 (R) 
5 L9b 100 93 (S) 17 L12b 100 74 (R) 
6 L9c 100 42 (S) 18 L12c 100 92 (R) 
7 L9d 100 82 (S) 19 L13a 100 92 (S) 
8 L9e 100 88 (S) 20 L13b 100 92 (S) 
9 L9f 100 40 (S) 21 L13c 100 10 (S) 
10 L9g 100 81 (S) 22 L14a 100 96 (S) 
11 L9h 100 82 (S) 23 L14b 100 91 (S) 
12 L10a 100 95 (S) 24 L14c 100 60 (S) 
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 1 mol% of Ir-
catalyst precursor at 1 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion 
measured by 1H NMR after 2 h. c Enantiomeric excess determined by GC. d Reactions carried 
out at 0.25 mol% of Ir-catalyst for 2 h. 
 
We next studied the asymmetric hydrogenation of other terminal disubstituted 
olefins (Figure 5.3.4). In first place, we studied several -tert-butylstyrene type 
substrates (S39-S44) to evaluate how the electronic and steric properties of the 
aryl group of the substrate affected the catalytic performance. The results indicated 
that the presence of ortho substituents at the aryl ring (S44) led to lower activities. 
Nevertheless, enantioselectivity is hardly affected by the substitution pattern and 
the electronic nature of the substituents (ee’s ranging 97% to >99%). Lower 
enantioselectivities have been achieved in the reduction of several -alkylstyrenes 
bearing decreasingly sterically demanding alkyl substituents (S45-S48). A plausible 
explanation is the competition between direct hydrogenation and isomerization. 
However, we were pleased to find that enantioselectivities for these substrates 
could be maximized by appropriately choosing the ligand parameters (ee's ranging 
from 86% to 92%). Finally, we tested our ligands in the hydrogenation of the 
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terminal boronic esters S49 and S50 and enol phosphinates S51 and S52. The 
hydrogenation of these substrate types, which are very appealing due to the 
importance and versatility of chiral organoboranes and organophosphinates, is still 
a challenge.18 We were pleased to find that our ligands are able to hydrogenate this 
substrate with enantioselectivities as high as 95% ee. It should be mentioned that 
for these challenging classes of substrates the scope of the previously presented 
L1-L7 ligand (Section 5.2) is complementary with that of ligands L8-L14. Thus, 
while ligands L1-L7 provide high enantioselectivities (up to >99% ee) in the 
hydrogenation of terminal boronic esters, the reduction of enol phosphinites 
proceeds with high enantiocontrol (ee’s up to 95%) using ligands L8-L14. 
 
 
Figure 5.3.4. Selected results for the hydrogenation of trisubstituted olefins S39-S52 using 
[Ir(cod)(L9-L14a-g)]BArF catalyst precursors. Reaction conditions: 1 mol % catalyst 
precursor, CH2Cl2 as solvent, 1 bar H2, 2 h. 
5.3.3. Conclusions 
We have successfully applied new Ir(I)-catalyst precursors ([Ir(cod)(L8-L14a-
g)]BArF), modified with easily accessible phosphite/phosphinite-oxazoline ligands, for 
the asymmetric hydrogenation of several substrate types. The ligands used differ from 
previously phosphite-oxazoline PHOX ligands presented in Section 5.2 in the presence 
of an alkyl chain instead of the flat ortho-phenylene tether. The catalytic results 
indicated that enantioselectivity is highly affected by the ligand parameters as well as 
the substrate. By suitable choosing the ligands parameters, however, we have been 
able to achieve high enantioselectivities (typically ee’s>95%) not only for a wide range 
of minimally functionalized tri- and disubstituted olefins, with examples containing 
poorly coordinative groups (i.e. -unsaturated ketones, amides and esters, 
alkenylboronic esters, enol phosphinates, …); but also in the hydrogenation of 
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challenging functionalized olefins such as the -aryl enamides, which provide easy 
access to 2-aminotetralines and 3-aminochromanes. 
5.3.4. Experimental Part 
5.3.4.1. General Procedures.  
All reactions were carried out using standard Schlenk techniques under an argon 
atmosphere. Commercial chemicals were used as received. Solvents were dried by 
means of standard procedures and stored under argon. 1H, 13C{1H} and 31P{1H} NMR 
spectra were recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts 
are relative to that of SiMe4 (1H and 13C{1H}) or H3PO4 (31P{1H}) as internal standard. 
Hydroxyl-oxazolines 1-6 and ligands L8-L14a-c have been prepared as described in 
Section 5.2. Phosphorochloridites,19 olefins S1-S30,20 S31-S3721 and S38-S5222 were 
synthesized as previously reported.  
5.3.4.2. Typical procedure for the preparation of phosphite-oxazoline ligands. 
To a solution of in situ generated phosphochloridite (1.1 mmol) in dry toluene (6 mL), 
pyridine (0.16 mL, 2.0 mmol) was added. Then, this solution was placed in a -78 ºC 
bath. After 2 min at that temperature, a solution of the alcohol-oxazoline (1.0 mmol) 
and pyridine (0.16 mL, 2.0 mmol) in toluene (6 mL) was added dropwise at -78 °C. 
The mixture was left to warm to room temperature and stirred overnight at this 
temperature. The precipitate formed was filtered under argon and the solvent was 
evaporated under vacuum. The residue was purified by flash chromatography (under 
argon, using neutral alumina and dry toluene (1% NEt3) as eluent system) to afford 
the corresponding phosphite-oxazoline as white solids. 
 
L9d: Yield: 508 mg (74%); 31P NMR (161.9 MHz, C6D6):133.0 (s); 1H NMR (400 
MHz, C6D6):  = 1.23-1.63 (m, 9H, CH2), 1.39 (s, 9H, CH3, tBu), 1.53 (s, 9H, CH3, tBu), 
2.43-2.73 (m, 7H, CH2), 3.62 (pt, 1H, CH-Oox, JH-H= 8.0 Hz), 4.19 (pt, 1H, CH-Oox, JH-
H= 8.4 Hz), 4.96 (pt, 1H, CH-N, JH-H= 9.6 Hz), 5.55 (d, 1H, CH-OP, 3JH-P= 9.2 Hz), 6.88 
(d, 2H, CH=, 3JH-H= 3.6 Hz), 6.95-7.17 (m, 8H, CH=), 7.50 (d, 2H, CH=, 3JH-H= 7.2 
Hz). 13C (100.6 MHz, C6D6): δ= 23.4 (CH2), 23.6 (CH2), 23.8 (CH2), 27.9 (CH2), 28.2 
(CH2), 30.3 (CH2), 31.6 (CH3, tBu), 31.7 (CH3, tBu), 35.1 (C, tBu), 35.2 (C, tBu), 70.1 
(CH-N), 73.9 (CH-OP), 75.3 (CH2-Oox), 126.0-146.0 (aromatic carbons), 167.1 (C=N). 
MS HR-ESI [found 710.3372, C44H50NO4P (M-Na)+ requires 710.3370]. 
 
L9e: Yield: 394 mg (62%); 31P NMR (161.9 MHz, C6D6):133.0 (s); 1H NMR (400 
MHz, C6D6):  = 1.4 (s, 9H, CH3, tBu), 1.51 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.83 
(s, 3H, CH3), 2.06 (s, 3H, CH3), 2.12 (s, 3H, CH3), 3.66 (pt, 1H, CH-Oox, JH-H= 8.4 Hz), 
4.17 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 8.4 Hz), 4.95 (dd, 1H, CH-N, 2JH-H= 10.0 
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Hz, 3JH-H= 8.4 Hz), 5.74 (d, 1H, CH-OP, 3JH-P= 9.2 Hz), 6.9 (m, 2H, CH=), 6.96-7.15 
(m, 4H, CH=), 7.19 (s, 1H, CH=), 7.23 (s, 1H, CH=), 7.47-7.50 (m, 2H, CH=). 13C 
(100.6 MHz, C6D6): δ= 16.8 (CH3), 17.1 (CH3), 20.7 (CH3), 20.8 (CH3), 31.7 (CH3, 
tBu), 31.8(d, CH3, tBu, JC-P= 2.31 Hz), 35.1 (C, tBu), 35.2 (C, tBu), 70.1 (CH-N), 73.9 
(d, CH-OP, JC-P= 2.3 Hz), 75.3 (CH2-Oox), 126.0-146.5 (aromatic carbons), 167.0 
(C=N). MS HR-ESI [found 658.3061, C40H46NO4P (M-Na)+ requires 658.3057]. 
 
L9f: Yield: 425 mg (67%); 31P NMR (161.9 MHz, C6D6):116.5 (s); 1H NMR (400 
MHz, C6D6):  = 3.64 (pt, 1H, CH-Oox, JH-H= 7.6 Hz), 3.87 (dd, 1H, CH-Oox, 2JH-H= 10.0 
Hz, 3JH-H= 8.0 Hz), 4.82 (dd, 1H, CH-N, 2JH-H= 10.0 Hz, 3JH-H= 8.0 Hz), 5.86 (d, 1H, CH-
OP, 3JH-P= 8.4 Hz), 6.95-7.11 (m, 14H, CH=), 7.56 (dt, 2H, CH=, 3JH-H= 8.0 Hz, 4JH-H= 
2.0 Hz), 7.62 (d, 2H, CH=, 3JH-H= 7.2 Hz), 7.39 (t, 2H, CH=, 3JH-H= 7.2 Hz). 13C (100.6 
MHz, C6D6): δ= 69.4 (CH-N), 74.6 (CH2-Oox), 77.2 (CH-OP), 125.3-142.6 (aromatic 
carbons), 166.6 (C=N). MS HR-ESI [found 658.3060, C40H46NO4P (M-Na)+ requires 
658.3057]. 
 
L10e: Yield: 409 mg (68%); 31P NMR (161.9 MHz, C6D6):133.6 (s); 1H NMR (400 
MHz, C6D6):  = 0.53 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 0.74 (d, 3H, CH3, iPr, 3JH-H= 6.8 
Hz), 1.35 (m, 1H, CH, iPr), 1.38 (s, 9H, CH3, tBu), 1.50 (s, 9H, CH3, tBu), 1.68 (s, 3H, 
CH3), 1.81 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.12 (s, 3H, CH3), 3.51 (pt, 1H, CH-Oox, JH-
H= 8.0  Hz), 3.63 (m, 1H, CH-N), 3.85 (pt, 1H, CH-Oox, JH-H= 8.8 Hz), 6.65 (d, 1H, CH-
OP, 3JH-P= 9.2 Hz), 6.99-7.14 (m, 3H, CH=), 7.17 (s, 1H, CH=), 7.20 (s, 1H, CH=), 
7.39 (s, 1H, CH=), 7.41 (s, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 16.8 (CH3), 17.1 
(CH3), 18.8 (CH3, iPr), 19.2 (CH3, iPr), 20.7 (CH3), 20.8 (CH3), 31.8 (d, CH3, tBu, JC-P= 
4.62 Hz), 32.0 (CH3, tBu), 33.4 (CH, iPr), 35.1 (C, tBu), 35.2 (C, tBu), 71.0 (CH2-Oox), 
72.8 (CH-N), 74.0 (CH-OP), 126.0-146.4 (aromatic carbons), 165.4 (C=N). MS HR-ESI 
[found 624.3216, C37H48NO4P (M-Na)+ requires 624.3213]. 
 
L11e: Yield: 412 mg (67%); 31P NMR (161.9 MHz, C6D6):134.2 (s); 1H NMR (400 
MHz, C6D6):  = 0.61 (s, 9H, CH3, tBu), 1.41 (s, 9H, CH3, tBu), 1.49 (s, 9H, CH3, tBu), 
1.68 (s, 3H, CH3), 1.80 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.12 (s, 3H, CH3), 3.69 (m, 
2H, CH-Oox, CH-N), 3.91 (m, 1H, CH-Oox), 5.70 (d, 1H, CH-OP, 3JH-P= 9.6 Hz), 6.99-
7.15 (m, 3H, CH=), 7.18 (s, 1H, CH=), 7.20 (s, 1H, CH=), 7.41 (s, 1H, CH=), 7.44 (s, 
1H, CH=). 13C (100.6 MHz, C6D6): δ= 16.8 (CH3), 17.1 (CH3), 20.7 (CH3), 20.8 (CH3), 
26.1 (CH3, tBu), 31.7 (d, CH3, tBu, JC-P= 5.33 Hz), 31.9 (CH3, tBu), 34.2 (C, tBu), 35.1 
(C, tBu), 35.2 (C, tBu), 69.2 (CH2-Oox), 74.0 (d, CH-OP, JC-P= 4.62 Hz), 76.2 (CH-N), 
126.0-146.4 (aromatic carbons), 165.4 (C=N). MS HR-ESI [found 638.3372, 
C38H50NO4P (M-Na)+ requires 638.3370]. 
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5.3.4.3. Typical procedure for the preparation of phosphinite-oxazoline 
ligands.  
The corresponding hydroxyl-oxazoline compound (0.5 mmol) and DMAP (6.7 mg, 
0.055 mmol) were dissolved in toluene (1 ml), and triethylamine was added (0.09 ml, 
0.65 mmol) at r.t, followed by the addition of the corresponding chlorophosphine (0.55 
mmol) via syringe. The reaction was stirred for 20 min at r.t. The solvent was removed 
in vacuo, and the product was purified by flash chromatography on alumina 
(toluene/NEt3 = 100/1) to produce the corresponding ligand as a colorless oil. 
 
L9g: Yield: 121 mg (58%); 31P NMR (161.9 MHz, C6D6):105.0 (s); 1H NMR (400 
MHz, C6D6):  = 2.31 (s, 3H, CH3), 2.44 (s, 3H, CH3), 3.59 (m, 1H, CH-Oox), 3.87 (m, 
1H, CH-Oox), 4.82 (m, 1H, CH-N), 5.92 (d, 1H, CH-OP, 3JH-P= 8.4 Hz), 6.88 (m, 1H, 
CH=), 6.95-7.15 (m, 14H, CH=), 7.63 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.72 (m, 1H, CH=), 
8.09 (m, 1H, CH=). 13C (100.6 MHz, C6D6): δ= 20.2 (d, CH3, JC-P= 9.15 Hz), 20.4 (d, 
CH3, JC-P= 9.15 Hz) 69.3 (CH-N), 74.4 (CH2-Oox), 77.6 (d, CH-OP, JC-P= 24.4 Hz), 
125.9-142.6 (aromatic carbons), 166.8 (C=N). MS HR-ESI [found 440.1754, 
C26H28NO2P (M-Na)+ requires 440.1750]. 
 
L9h: Yield: 149 mg (67%); 31P NMR (161.9 MHz, C6D6):135.7 (s); 1H NMR (400 
MHz, C6D6):  = 1.42 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.77 
(s, 3H, CH3), 2.04 (s, 3H, CH3), 2.09 (s, 3H, CH3), 3.63 (pt, 1H, CH-Oox, JH-H= 8.0 Hz), 
4.05 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 8.8 Hz), 4.90 (dd, 1H, CH-N, 2JH-H= 10.0 
Hz, 3JH-H= 8.4 Hz), 5.93 (d, 1H, CH-OP, 3JH-P= 8.8 Hz), 6.92 (m, 2H, CH=), 6.96-7.15 
(m, 6H, CH=), 7.18 (s, 1H, CH=), 7.26 (s, 1H, CH=), 7.53 (d, 2H, CH=, 3JH-H= 7.6 Hz). 
13C (100.6 MHz, C6D6): δ= 16.9 (CH3), 17.1 (CH3), 20.7 (CH3), 20.8 (CH3), 31.6 (d, 
CH3, tBu, JC-P= 4.62 Hz), 32.0 (CH3, tBu), 35.1 (C, tBu), 35.4 (C, tBu), 70.1 (CH-N), 
74.1 (d, CH-OP, JC-P= 7.64 Hz), 75.4 (CH2-Oox), 126.0-146.2 (aromatic carbons), 166.6 
(C=N). MS HR-ESI [found 468.2067, C28H32NO2P (M-Na)+ requires 468.2063]. 
5.3.4.4. Typical procedure for the preparation of [Ir(cod)(L8-L14a-g)]BArF.  
The corresponding ligand (0.037 mmol) was dissolved in CH2Cl2 (2.5 mL) and [Ir(µ-
Cl)(cod)]2 (12.5 mg, 0.0185 mmol) was added. The reaction was refluxed at 50 °C for 
1 hour. After 5 min at room temperature, NaBArF (38.6 mg, 0.041 mmol) and water 
(2.5 mL) were added and the reaction mixture was stirred vigorously for 30 min at 
room temperature. The phases were separated and the aqueous phase was extracted 
twice with CH2Cl2. The combined organic phases were dried with MgSO4, filtered 
through a plug of celite and the solvent was evaporated to give the products as red-
orange solids. 
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[Ir(cod)(L8a)]BArF: Yield: 63 mg (94%); 31P NMR (161.9 MHz, CDCl3):97.8 (s); 
1H NMR (400 MHz, CDCl3):  = 1.33 (s, 9H, CH3, tBu), 1.36 (s, 9H, CH3, tBu), 1.47 (s, 
9H, CH3, tBu), 1.58 (s, 9H, CH3, tBu), 1.83 (s, 6H, CH3), 1.75-2.2 (m, 8H, CH2, cod), 
3.21 (m, 1H, CH=, cod), 3.64 (m, 1H, CH=, cod), 4.54 (dd, 1H, CH-Oox, 2JH-H= 9.6 Hz, 
3JH-H= 3.6 Hz), 4.74 (m, 1H, CH=, cod),  4.81 (pt, 1H, CH-Oox, JH-H= 9.6 Hz), 5.21 (m, 
1H, CH-N), 5.24 (m, 1H, CH=, cod), 7.12 (m, 3H, CH=), 7.19 (d, 1H, CH=, 4JH-H= 2.0 
Hz), 7.42 (m, 3H, CH=), 7.52 (m, 6H, CH=), 7.71 (s, 8H, CH=).13C (100.6 MHz, 
CDCl3): δ= 27.8 (CH2, cod), 28.6 (CH3), 28.9 (CH3), 30.2 (CH2, cod),  31.3 (CH3, tBu), 
31.4 (CH3, tBu), 31.9 (CH3, tBu), 31.7 (CH2, cod), 32.2 (CH2, cod), 34.7 (C, tBu), 34.8 
(C, tBu), 35.4 (C, tBu), 35.6 (C, tBu), 62.2 (CH=, cod), 65.8 (CH=, cod), 71.5 (CH-N), 
78.7 (CH2-Oox), 79.5 (d, CH-OP, 2JC-P= 1.5 Hz), 102.4 (d, CH=, cod, JC-P= 16.0 Hz), 
104.2 (d, CH=, cod, JC-P= 16.1 Hz), 117.4-149.1 (aromatic carbons), 161.6 (q, C-B, 
BArF, 1JC-B= 50.4 Hz), 176.3 (d, C=N, 3JC-P= 6.13 Hz). MS HR-ESI [found 944.4362, 
C48H66IrNO4P (M-BArF)+ requires 944.4359]. 
 
[Ir(cod)(L8b)]BArF: Yield: 63 mg (95%); 31P NMR (161.9 MHz, CDCl3):103.8 (s); 
1H NMR (400 MHz, CDCl3):  = 0.53 (s, 9H, CH3, SiMe3), 0.61 (s, 9H, CH3, SiMe3), 1.83 
(s, 3H, CH3), 1.93 (s, 3H, CH3), 1.58-2.0 (m, 7H, CH2, cod), 2.17 (m, 1H, CH2, cod), 
2.93 (m, 1H, CH=, cod), 3.96 (m, 1H, CH=, cod), 4.54 (dd, 1H, CH-Oox, 2JH-H= 8.8 Hz, 
3JH-H= 2.8 Hz), 4.81 (m, 2H, CH=, cod; CH-Oox), 5.35 (m, 2H, CH-N; CH=, cod), 6.63 
(d, 1H, CH=, 3JH-H= 8.8 Hz), 7.02 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.16 (m, 2H, CH=), 
7.24 (m, 3H, CH=), 7.42-7.51 (m, 8H, CH=), 7.71 (s, 8H, CH=), 7.96 (d, 2H, CH=, 
3JH-H= 8.4 Hz), 8.16 (d, 2H, CH=, 3JH-H= 8.4 Hz).13C (100.6 MHz, CDCl3): δ= 0.6 (CH3, 
SiMe3), 1.3 (CH3, SiMe3), 28.2 (CH2, cod), 28.9 (CH3), 29.4 (CH2, cod), 29.9 (CH3), 
31.5 (CH2, cod),  33.1 (d, CH2, cod, JC-P= 4.62 Hz), 59.3 (CH=, cod), 68.3 (CH=, cod), 
71.5 (CH-N), 78.7 (CH2-Oox), 79.7 (d, CH-OP, 2JC-P= 2.91 Hz), 105.5 (d, CH=, cod, JC-
P= 15.49 Hz), 106.0 (d, CH=, cod, JC-P= 16.7 Hz), 117.6-150.6 (aromatic carbons), 
161.9 (q, C-B, BArF, 1JC-B= 50.0 Hz), 176.8 (d, C=N, 3JC-P= 6.43 Hz). MS HR-ESI 
[found 964.2859, C46H54IrNO4PSi2 (M-BArF)+ requires 964.2858]. 
 
 [Ir(cod)(L8c)]BArF: Yield: 60 mg (91%); 31P NMR (161.9 MHz, CDCl3):104.7 (s); 
1H NMR (400 MHz, CDCl3):  = 0.43 (s, 9H, CH3, SiMe3), 0.50 (s, 9H, CH3, SiMe3), 1.56 
(s, 3H, CH3), 1.62 (m, 2H, CH2, cod),  1.68 (s, 3H, CH3), 1.78 (m, 1H, CH2, cod), 1.96-
2.07 (m, 3H, CH2, cod), 2.30 (m, 1H, CH2, cod), 3.30 (m, 1H, CH=, cod), 4.03 (m, 1H, 
CH=, cod), 4.47 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz, 3JH-H= 4.0 Hz), 4.79 (pt, 1H, CH-Oox, 
JH-H= 9.2 Hz), 4.97 (m, 1H, CH=, cod), 5.30 (m, 1H, CH-N), 5.71 (m, 1H, CH=, cod), 
6.95 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.00 (d, 1H, CH=, 3JH-H= 84 Hz), 7.10 (m, 2H, CH=), 
7.24 (m, 3H, CH=), 7.44-7.51 (m, 8H, CH=), 7.70 (s, 8H, CH=), 7.90 (d, 1H, CH=, 
3JH-H= 8.4 Hz), 7.96 (d, 1H, CH=, 3JH-H= 8.4 Hz), 8.07 (s, 1H, CH=), 8.11 (s, 1H, 
CH=).13C (100.6 MHz, CDCl3): δ= 0.4 (CH3, SiMe3), 0.9 (CH3, SiMe3), 26.1 (CH2, cod), 
29.0 (d, CH2, cod, JC-P= 6.94 Hz), 29.5 (CH3), 29.7 (CH3), 31.4 (CH2, cod),  34.7 (d, 
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CH2, cod, JC-P= 6.03 Hz), 61.4 (CH=, cod), 68.8 (CH=, cod), 70.7 (CH-N), 78.0 (CH2-
Oox), 79.3 (d, CH-OP, 2JC-P= 3.82 Hz), 100.8 (d, CH=, cod, JC-P= 18.30 Hz), 106.4 (d, 
CH=, cod, JC-P= 14.48 Hz), 117.4-150.9 (aromatic carbons), 161.7 (q, C-B, BArF, 1JC-
B= 49.7 Hz), 175.3 (d, C=N, 3JC-P= 5.33 Hz MS HR-ESI [found 964.2862, 
C46H54IrNO4PSi2 (M-BArF)+ requires 964.2858]. 
 
[Ir(cod)(L9a)]BArF: Yield: 63 mg (92%); 31P NMR (161.9 MHz, CDCl3):102.4 (s); 
1H NMR (400 MHz, CDCl3):  = 1.29 (s, 9H, CH3, tBu), 1.32 (s, 9H, CH3, tBu), 1.34 (s, 
9H, CH3, tBu), 1.44 (s, 9H, CH3, tBu), 1.80-2.00 (m, 7H, CH2, cod), 2.12 (m, 1H, CH2, 
cod), 3.30 (m, 1H, CH=, cod), 3.60 (m, 1H, CH=, cod), 4.55 (dd, 1H, CH-Oox, 2JH-H= 
12.0 Hz, 3JH-H= 4.0 Hz), 4.80 (pt, 1H, CH-Oox, JH-H= 8.0 Hz), 4.90 (m, 1H, CH=, cod), 
5.19 (dd, 1H, CH-N, 2JH-H= 12.0 Hz, 3JH-H= 4.0 Hz), 5.33 (m, 1H, CH=, cod), 6.33 (d, 
1H, CH-OP, 3JH-P= 16.0 Hz), 7.13 (d, 1H, CH=, 4JH-H= 2.6 Hz), 7.18 (m, 3H, CH=), 
7.42-7.52 (m, 12H, CH=), 7.61 (m, 2H, CH=), 7.72 (m, 8H, CH=). 13C (100.6 MHz, 
CDCl3): δ= 28.7 (CH2, cod), 28.9 (CH2, cod), 31.2 (CH2, cod), 31.4 (CH3, tBu), 31.6 
(CH2, cod), 31.7 (CH3, tBu), 32.0 (CH2, cod), 34.7 (C, tBu), 34.8 (C, tBu), 35.3 (C, tBu), 
35.4 (C, tBu), 62.9 (CH=, cod), 65.8 (CH=, cod), 71.2 (CH-N), 74.8 (CH-OP), 79.4 
(CH2-Oox), 103.5 (d, CH=, cod, JC-P= 18.0 Hz), 104.4 (d, CH=, cod, JC-P= 16.09 Hz), 
117.4-149.2 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 50.30 Hz), 173.6 (C=N). 
MS HR-ESI [found 992.4362, C52H66IrNO4P (M-BArF)+ requires 992.4359]. 
 
[Ir(cod)(L9b)]BArF: Yield: 64 mg (92%); 31P NMR (161.9 MHz, CDCl3):107.2 (s); 
1H NMR (400 MHz, CDCl3):  = 0.37 (s, 9H, CH3, SiMe3), 0.49 (s, 9H, CH3, SiMe3), 1.53 
(m, 2H, CH2, cod), 1.63 (m, 1H, CH2, cod), 1.76 (m, 1H, CH2, cod), 1.94 (m, 1H, CH2, 
cod), 2.09 (m, 1H, CH2, cod), 2.15 (m, 1H, CH2, cod), 2.37 (m, 1H, CH2, cod), 3.11 
(m, 1H, CH=, cod), 4.07 (m, 1H, CH=, cod), 4.42 (m, 1H, CH-Oox), 4.76 (m, 1H, CH-
Oox), 5.43 (m, 1H, CH-N), 5.82 (m, 1H, CH=, cod), 6.00 (m, 1H, CH-OP), 6.95 (m, 2H, 
CH=), 7.22 (m, 5H, CH=), 7.33-7.52 (m, 10H, CH=), 7.71 (m, 8H, CH=), 7.93 (m, 5H, 
CH=), 8.13 (m, 2H, CH=). 13C (100.6 MHz, CDCl3): δ= 0.2 (CH3, SiMe3), 1.4 (CH3, 
SiMe3), 26.4 (CH2, cod), 29.4 (CH2, cod), 31.4 (CH2, cod), 34.7 (CH2, cod), 61.4 (CH=, 
cod), 67.0 (CH=, cod), 71.5 (CH-N), 74.4 (CH-OP), 80.3 (CH2-Oox), 102.3 (d, CH=, 
cod, JC-P= 15.9 Hz), 106.5 (d, CH=, cod, JC-P= 16.2 Hz), 117.4-150.1 (aromatic 
carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 172.8 (C=N). MS HR-ESI [found 
1012.2961, C50H54IrNO4PSi2 (M-BArF)+ requires 1012.2958]. 
 
[Ir(cod)(L9c)]BArF: Yield: 65 mg (94%); 31P NMR (161.9 MHz, CDCl3):108.3 (s); 
1H NMR (400 MHz, CDCl3):  = 0.35 (s, 9H, CH3, SiMe3), 0.62 (s, 9H, CH3, SiMe3), 1.55 
(m, 1H, CH2, cod), 1.62 (m, 1H, CH2, cod), 1.75 (m, 1H, CH2, cod), 1.89 (m, 2H, CH2, 
cod), 1.99 (m, 3H, CH2, cod), 2.99 (m, 1H, CH=, cod), 3.99 (m, 1H, CH=, cod), 4.50 
(dd, 1H, CH-Oox, 2JH-H= 12.0 Hz, 3JH-H= 4.0 Hz), 4.89 (m, 2H, CH-Oox; CH=, cod), 5.19 
(m, 1H, CH=, cod), 5.32 (m, 1H, CH-N), 6.48 (d, 1H, CH-OP, 3JH-H= 12.0 Hz), 6.99 (d, 
1H, CH=, 3JH-H= 8.0 Hz), 7.03 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.25 (m, 3H, CH=), 7.37-
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7.53 (m, 14H, CH=), 7.73 (m, 9H, CH=), 6.92 (d, 1H, CH=, 3JH-H= 8.0 Hz), 7.99 (d, 
1H, CH=, 3JH-H= 8.0 Hz), 8.04 (s, 1H, CH=), 8.21 (s, 1H, CH=).  13C (100.6 MHz, 
CDCl3): δ= 0.0 (CH3, SiMe3), 1.2 (CH3, SiMe3), 27.3 (CH2, cod), 30.2 (CH2, cod), 30.5 
(CH2, cod), 33.4 (CH2, cod), 61.8 (CH=, cod), 69.8 (CH=, cod), 71.8 (CH-N), 74.6 (d, 
CH-OP, 2JC-P= 6.0 Hz), 79.6 (CH2-Oox), 104.4 (d, CH=, cod, JC-P= 17.1 Hz), 106.0 (d, 
CH=, cod, JC-P= 14.08 Hz), 117.4-150.2 (aromatic carbons), 161.7 (q, C-B, BArF, 1JC-
B= 49.3 Hz), 174.3 (d, C=N, 3JC-P= 5.0 Hz). MS HR-ESI [found 1012.2960, 
C50H54IrNO4PSi2 (M-BArF)+ requires 1012.2958]. 
 
[Ir(cod)(L9d)]BArF: Yield: 64 mg (94%); 31P NMR (161.9 MHz, CDCl3):100.7 (s); 
1H NMR (400 MHz, CDCl3):  = 0.99 (s, 9H, CH3, tBu), 1.19 (s, 9H, CH3, tBu), 1.21-2.77 
(m, 16H, CH2), 1.21-2.77 (m, 8H, CH2, cod), 1.70 (m, 1H, CH=, cod), 3.98 (m, 1H, 
CH=, cod), 4.54 (m, 1H, CH-Oox), 4.64 (pt, 1H, CH-Oox, JH-H= 9.2 Hz), 5.19 (m, 1H, 
CH-N), 5.20 (m, 1H, CH=, cod), 5.58 (m, 1H, CH=, cod), 6.00 (d, 1H, CH-OP, 3JH-P= 
16.4 Hz), 6.97 (m, 1H, CH=), 7.08 (m, 1H, CH=), 7.20 (m, 2H, CH=), 7.26 (m, 1H, 
CH=), 7.46-7.52 (m, 9H, CH=), 7.71 (s, 8H, CH=), 7.83 (d, 2H, CH=, 3JH-H= 6.8 Hz). 
13C (100.6 MHz, CDCl3): δ= 22.6 (CH2), 26.5 (CH2), 26.0 (d, CH2, cod, JC-P= 11.46 Hz), 
29.3 (CH2), 30.15 (CH2, cod), 31.1 (CH2, cod), 31.1 (CH3, tBu), 32.1 (CH3, tBu), 34.3 
(C, tBu), 34.4 (d, CH2, cod, JC-P= 4.62 Hz), 34.6 (C, tBu), 61.1 (CH=, cod), 66.6 (CH=, 
cod), 70.4 (CH-N), 76.2 (CH-OP), 78.7 (CH2-Oox), 100.4 (d, CH=, cod, JC-P= 18.3 Hz), 
103.6 (d, CH=, cod, JC-P= 15.3 Hz), 117.4-143.1 (aromatic carbons), 161.6 (q, C-B, 
BArF, 1JC-B= 46.5 Hz), 170.8 (d, C=N, 3JC-P= 7.6 Hz). MS HR-ESI [found 988.4048, 
C52H62IrNO4P (M-BArF)+ requires 988.4046]. 
 
[Ir(cod)(L9e)]BArF: Yield: 61 mg (91%); 31P NMR (161.9 MHz, CDCl3):100.7 (s); 
1H NMR (400 MHz, CDCl3):  = 1.05 (s, 9H, CH3, tBu), 1.25 (s, 9H, CH3, tBu), 1.74 (s, 
3H, CH3), 1.76 (s, 3H, CH3), 1.89 (m, 3H, CH2, cod), 2.10 (m, 1H, CH2, cod),  2.18 (s, 
3H, CH3), 2.19 (m, 1H, CH2, cod), 2.26 (s, 3H, CH3), 2.30-2.47 (m, 3H, CH2, cod), 
2.85 (m, 1H, CH=, cod),4.03 (m, 1H, CH=, cod), 4.55 (m, 1H, CH-Oox),  4.67 (pt, 1H, 
CH-Oox, JH-H= 9.6 Hz), 4.95 (m, 2H, CH-N, CH=, cod), 5.66 (m, 1H, CH=, cod), 6.01 
(d, 1H, CH-OP, 3JH-P= 14.8 Hz), 7.09-7.28 (m, 4H, CH=), 7.47-7.54 (m, 10H, CH=), 
7.77 (m, 10H, CH=).13C (100.6 MHz, CDCl3): δ= 16.4 (CH3), 16.5 (CH3), 20.2 (CH3), 
20.3 (CH3), 26.3 (CH2, cod), 29.9 (CH2, cod), 31.3 (CH3, tBu), 31.4 (CH2, cod), 32.2 
(CH3, tBu), 35.1 (C, tBu), 34.6 (d, CH2, cod, JC-P= 5.33 Hz), 34.8 (C, tBu), 61.5 (CH=, 
cod), 66.7 (CH=, cod), 70.5 (CH-N), 76.0 (CH-OP), 78.7 (CH2-Oox), 100.1 (d, CH=, 
cod, JC-P= 18.3 Hz), 103.6 (d, CH=, cod, JC-P= 13.8 Hz), 117.4-143.5 (aromatic 
carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 170.8 (d, C=N, 3JC-P= 7.6 Hz). MS HR-
ESI [found 936.3735, C48H58IrNO4P (M-BArF)+ requires 936.3733]. 
 
[Ir(cod)(L9h)]BArF: Yield: 55 mg (94%); 31P NMR (161.9 MHz, CDCl3):101.9 (s); 
1H NMR (400 MHz, CDCl3):  = 1.23 (s, 9H, CH3, tBu), 162 (s, 9H, CH3, tBu), 1.70 (m, 
2H, CH2, cod), 1.78 (s, 3H, CH3), 1.83 (s, 3H, CH3), 1.80-1.99 (m, 5H, CH2, cod), 2.05 
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(m, 1H, CH2, cod), 2.24 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.75 (m, 1H, CH=, cod), 3.97 
(m, 1H, CH=, cod), 4.51 (m, 1H, CH-Oox),  4.86 (m, 1H, CH=, cod), 4.85 (pt, 1H, CH-
Oox, JH-H= 10.0 Hz), 5.05 (m, 1H, CH=, cod), 5.13 (m, 1H, CH-N), 6.45 (d, 1H, CH-OP, 
3JH-P= 9.2 Hz), 7.11-7.17 (m, 3H, CH=), 7.26 (m, 1H, CH=), 7.31 (m, 1H, CH=), 7.34-
7.46(m, 6H, CH=), 7.52 (s, 5H, CH=), 7.72 (s, 8H, CH=). 13C (100.6 MHz, CDCl3): δ= 
16.5 (CH3), 16.6 (CH3), 20.2 (CH3), 20.43 (CH3), 27.4 (CH2, cod), 30.2 (CH2, cod), 
30.6 (CH2, cod), 31.2 (CH3, tBu), 32.5 (CH3, tBu), 33.3 (d, CH2, cod, JC-P= 5.01 Hz), 
34.6 (C, tBu), 35.1 (C, tBu), 61.0 (CH=, cod), 69.7 (CH=, cod), 71.7 (CH-N), 74.1 (d, 
CH-OP, 2JC-P= 8.34 Hz), 79.9 (CH2-Oox), 103.5 (d, CH=, cod, JC-P= 16.8 Hz), 104.3 (d, 
CH=, cod, JC-P= 13.8 Hz), 117.4-143.6 (aromatic carbons), 161.7 (q, C-B, BArF, 1JC-B= 
49.7 Hz), 174.8 (C=N). MS HR-ESI [found 766.2429, C38H40IrNO2P (M-BArF)+ requires 
766.2426]. 
 
[Ir(cod)(L10a)]BArF: Yield: 63 mg (92%); 31P NMR (161.9 MHz, CDCl3):101.7 
(s); 1H NMR (400 MHz, CDCl3):  = 0.90 (m, 6H, CH3, iPr), 1.04 (s, 9H, CH3, tBu), 1.29 
(s, 9H, CH3, tBu), 1.36 (s, 9H, CH3, tBu), 1.57 (s, 9H, CH3, tBu), 1.71 (m, 2H, CH2, 
cod), 2.05 (m, 1H, CH, iPr), 2.06 (m, 3H, CH2, cod), 2.26 (m, 1H, CH2, cod), 2.39 (m, 
2H, CH2, cod), 3.29 (m, 1H, CH=, cod), 3.85 (m, 1H, CH=, cod), 4.07 (m, 1H, CH-N), 
4.21 (pt, 1H, CH-Oox, JH-H= 9.6 Hz), 4.58 (dd, 1H, CH-Oox, 2JH-H= 10.4 Hz, 3JH-H= 3.2 
Hz), 5.03 (m, 1H, CH=, cod), 5.59 (m, 1H, CH=, cod), 5.93 (d, 1H, CH-OP, 3JH-P= 17.6 
Hz), 7.08 (d, 1H, CH=, 4JH-H= 2.4 Hz), 7.15 (d, 1H, CH=, 4JH-H= 2.0 Hz), 7.38 (d, 1H, 
CH=, 4JH-H= 2.4 Hz),  7.51 (m, 7H, CH=), 7.56 (d, 1H, CH=, 4JH-H= 2.0 Hz), 7.70 (m, 
10H, CH=). 13C (100.6 MHz, CDCl3): δ= 14.5 (CH3, iPr), 18.8 (CH3, iPr), 26.0 (CH2, 
cod), 29.7 (CH2, cod), 30.9 (CH3, tBu), 31.0 (CH, iPr), 31.3 (CH3, tBu), 31.4 (CH3, tBu), 
31.8 (CH2, cod), 32.2 (CH3, tBu), 34.6 (C, tBu), 34.7 (C, tBu), 34.9 (C, tBu), 35.2 (d, 
CH2, cod, JC-P= 7.08 Hz), 35.6 (C, tBu), 64.2 (CH=, cod), 66.5 (CH=, cod), 70.7 (CH-
N), 70.8 (CH2-Oox), 76.2 (CH-OP), 98.7 (d, CH=, cod, JC-P= 19.1 Hz), 104.7 (d, CH=, 
cod, JC-P= 13.8 Hz), 117.4-149.1 (aromatic carbons), 161.8 (q, C-B, BArF, 1JC-B= 49.7 
Hz), 169.7 (C=N). MS HR-ESI [found 958.4517, C49H68IrNO4P (M-BArF)+ requires 
958.4515]. 
 
[Ir(cod)(L10e)]BArF: Yield: 59 mg (90%); 31P NMR (161.9 MHz, CDCl3):101.0 
(s); 1H NMR (400 MHz, CDCl3):  = 0.91 (m, 6H, CH3, iPr), 0.98 (s, 9H, CH3, tBu), 1.58 
(s, 9H, CH3, tBu), 1.73 (s, 3H, CH3), 1.74 (s, 3H, CH3), 1.75 (m, 2H, CH2, cod), 2.09 
(m, 1H, CH, iPr), 2.09-2.16 (m, 4H, CH2, cod), 2.17 (s, 3H, CH3), 2.28 (s, 3H, CH3), 
2.43 (m, 2H, CH2, cod), 3.24 (m, 1H, CH=, cod), 4.05 (m, 1H, CH=, cod), 4.06 (m, 
1H, CH-N), 4.16 (pt, 1H, CH-Oox, JH-H= 9.2  Hz), 4.55 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz, 
3JH-H= 2.8 Hz), 4.87 (m, 1H, CH=, cod), 5.59 (m, 1H, CH=, cod), 5.83 (d, 1H, CH-OP, 
3JH-P= 12.8 Hz), 7.06 (s, 1H, CH=), 7.26 (s, 2H, CH=), 7.46 (m, 2H, CH=), 7.52 (s, 
4H, CH=), 7.63 (m, 2H, CH=), 7.71 (s, 8H, CH=). 13C (100.6 MHz, CDCl3): δ= 14.6 
(CH3, iPr), 16.4 (CH3), 16.5 (CH3), 18.8 (CH3, iPr), 20.2 (CH3), 20.3 (CH3), 25.4 (CH2, 
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cod), 29.1 (CH2, cod), 31.0 (CH, iPr), 31.3 (CH3, tBu), 32.4 (CH3, tBu), 32.6 (CH2, cod), 
34.4 (C, tBu), 34.8 (C, tBu), 35.9 (d, CH2, cod, JC-P= 5.43Hz), 63.3 (CH=, cod), 67.4 
(CH=, cod), 70.4 (CH-N), 70.7 (CH2-Oox), 76.0 (CH-OP), 97.1 (d, CH=, cod, JC-P= 19.9 
Hz), 104.3 (d, CH=, cod, JC-P= 13.8 Hz), 117.4-143.9 (aromatic carbons), 161.6 (q, C-
B, BArF, 1JC-B= 49.7 Hz), 169.0 (d, C=N, 3JC-P= 8.34 Hz). MS HR-ESI [found 902.3892, 
C45H60IrNO4P (M-BArF)+ requires 902.3889]. 
 
[Ir(cod)(L11a)]BArF: Yield: 64 mg (94%); 31P NMR (161.9 MHz, CDCl3):103.2 
(s); 1H NMR (400 MHz, CDCl3):  = 0.93 (s, 9H, CH3, tBu), 1.12 (s, 9H, CH3, tBu), 1.33 
(s, 9H, CH3, tBu), 1.34 (s, 9H, CH3, tBu), 1.55 (s, 9H, CH3, tBu), 1.70 (m, 2H, CH2, 
cod), 2.02 (m, 2H, CH2, cod), 2.33 (m, 2H, CH2, cod), 2.43 (m, 1H, CH2, cod), 2.59 
(m, 1H, CH2, cod), 3.81 (m, 1H, CH=, cod), 4.04 (m, 1H, CH-N), 4.35 (pt, 1H, CH-Oox, 
JH-H= 8.8 Hz), 4.72 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 2.4 Hz), 5.00 (m, 1H, CH=, 
cod), 5.71 (m, 1H, CH=, cod), 5.83 (d, 1H, CH-OP, 3JH-P= 20.8 Hz), 7.04 (d, 1H, CH=, 
4JH-H= 2.4 Hz), 7.17 (d, 2H, CH=, 3JH-H= 7.6 Hz), 7.22 (d, 1H, CH=, 4JH-H= 2.0 Hz), 
7.29 (d, 1H, CH=, 4JH-H= 2.0 Hz), 7.41 (t, 2H, CH=, 3JH-H= 7.6 Hz), 7.47-7.52 (m, 4H, 
CH=), 7.71 (s, 8H, CH=). 13C (100.6 MHz, CDCl3): δ= 23.9 (CH2, cod), 25.6 (CH3, tBu), 
27.9 (CH2, cod), 29.7 (CH2, cod), 30.1 (CH3, tBu), 31.1 (CH3, tBu), 31.2 (CH3, tBu), 
33.6 (CH2, cod), 34.7 (C, tBu), 34.8 (C, tBu), 35.6 (C, tBu), 36.9 (d, CH2, cod, JC-P= 
6.84 Hz), 63.3 (CH=, cod), 67.4 (CH=, cod), 72.1 (CH2-Oox), 74.5 (CH-N), 75.0 (CH-
OP), 97.5 (d, CH=, cod, JC-P= 22.2 Hz), 104.8 (d, CH=, cod, JC-P= 12.1 Hz), 117.4-
148.7 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 169.6 (d, C=N, 3JC-P= 
7.6 Hz). MS HR-ESI [found 972.4675, C50H70IrNO4P (M-BArF)+ requires 972.4672]. 
 
[Ir(cod)(L11e)]BArF: Yield: 60 mg (92%); 31P NMR (161.9 MHz, CDCl3):102.9 
(s); 1H NMR (400 MHz, CDCl3):  = 0.95 (s, 9H, CH3, tBu), 1.11 (s, 9H, CH3, tBu), 1.58 
(s, 9H, CH3, tBu), 1.65 (s, 3H, CH3), 1.65 (m, 1H, CH2, cod), 1.73 (m, 1H, CH2, cod), 
1.80 (s, 3H, CH3), 1.99 (m, 1H, CH2, cod), 2.15 (m, 1H, CH2, cod), 2.23 (s, 3H, CH3), 
2.25 (s, 3H, CH3), 2.26 (m, 1H, CH2, cod), 2.43 (m, 2H, CH2, cod), 2.54 (m, 1H, CH2, 
cod), 3.98 (m, 1H, CH-N), 3.69 4.07 (m, 1H, CH=, cod), 4.16 (m, 1H, CH=, cod), 4.25 
(pt, 1H, CH-Oox, JH-H= 9.6 Hz), 4.64 (dd, 1H, CH-Oox, 2JH-H= 10.0 Hz, 3JH-H= 2.4 Hz), 
4.92 (m, 1H, CH=, cod), 5.63 (m, 1H, CH=, cod), 5.74 (d, 1H, CH-OP, 3JH-P= 12.4 Hz), 
6.99 (s, 1H, CH=), 7.21 (s, 1H, CH=), 7.32 (m, 2H, CH=), 7.40-749 (m, 1H, CH=), 
7.52 (s, 6H, CH=), 7.71 (s, 8H, CH=). 13C (100.6 MHz, CDCl3): δ= 16.5 (CH3), 16.6 
(CH3), 20.1 (CH3), 20.3 (CH3), 23.8 (CH2, cod), 26.0 (CH3, tBu), 28.0 (CH2, cod), 30.9 
(CH3, tBu), 32.2 (CH3, tBu), 33.9 (CH2, cod), 34.3 (C, tBu), 34.6 (C, tBu), 35.1 (C, tBu), 
37.0 (d, CH2, cod, JC-P= 7.64 Hz), 65.5 (CH=, cod), 66.9 (CH=, cod), 71.9 (CH2-Oox), 
74.7 (CH-N),  75.2 (d, CH-OP, JC-P= 4.62 Hz), 95.5 (d, CH=, cod, JC-P= 22.1 Hz), 103.5 
(d, CH=, cod, JC-P= 12.3 Hz), 117.4-145.1 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-
B= 49.7 Hz), 169.8 (d, C=N, 3JC-P= 7.64 Hz). MS HR-ESI [found 916.4049, 
C46H62IrNO4P (M-BArF)+ requires 916.4046]. 
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[Ir(cod)(L12a)]BArF: Yield: 61 mg (92%); 31P NMR (161.9 MHz, CDCl3):101.5 
(s); 1H NMR (400 MHz, CDCl3):  = 1.26 (s, 9H, CH3, tBu), 1.32 (s, 9H, CH3, tBu), 1.33 
(s, 9H, CH3, tBu), 1.52 (s, 9H, CH3, tBu), 1.75-2.1 (m, 8H, CH2, cod), 3.28 (m, 1H, 
CH=, cod), 3.61 (m, 1H, CH=, cod), 4.50 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz, 3JH-H= 3.6 
Hz),  4.77 (pt, 1H, CH-Oox, JH-H= 10.0 Hz), 5.13 (m, 1H, CH=, cod), 5.18 (m, 1H, CH-
N), 5.26 (m, 1H, CH=, cod), 6.22 (d, 1H, CH-OP, 3JH-P= 8.4 Hz), 6.97 (d, 1H, CH=, 3JH-
H= 7.6 Hz), 7.13 (m, 3H, CH=), 7.36-7.52 (m, 10H, CH=), 7.60 (d, 1H, CH=, 3JH-H= 
6.4 Hz),  7.72 (m, 9H, CH=).13C (100.6 MHz, CDCl3): δ= 28.3 (CH2, cod), 29.1 (CH2, 
cod), 29.7 (CH2, cod),  31.2 (CH3, tBu), 31.4 (CH3, tBu), 31.6 (CH3, tBu), 31.7 (CH2, 
cod), 34.7 (C, tBu), 35.3 (C, tBu), 35.4 (C, tBu), 63.5 (CH=, cod), 66.2 (CH=, cod), 
70.8 (CH-N), 74.6 (CH-OP), 79.5 (CH2-Oox), 103.4 (d, CH=, cod, JC-P= 15.3 Hz), 104.9 
(d, CH=, cod, JC-P= 12.2 Hz), 117.4-149.0 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-
B= 50.5 Hz), 172.5 (C=N). MS HR-ESI [found 992.4361, C52H66IrNO4P (M-BArF)+ 
requires 992.4359]. 
 
[Ir(cod)(L12b)]BArF: Yield: 62 mg (94%); 31P NMR (161.9 MHz, CDCl3):107.2 
(s); 1H NMR (400 MHz, CDCl3):  = 0.30 (s, 9H, CH3, SiMe3), 0.66 (s, 9H, CH3, SiMe3), 
1.56 (m, 1H, CH2, cod), 1.69 (m, 1H, CH2, cod),  1.96-2.17 (m, 6H, CH2, cod), 3.08 
(m, 1H, CH=, cod), 3.85 (m, 1H, CH=, cod), 4.41 (dd, 1H, CH-Oox, 2JH-H= 8.8 Hz; 3JH-
H= 3.2 Hz), 4.80 (pt, 1H, CH-Oox, JH-H= 9.2 Hz), 4.93 (m, 1H, CH=, cod), 5.10 (m, 1H, 
CH=, cod), 5.33 (m, 1H, CH-N), 5.97 (d, 1H, CH-OP, 3JH-P= 4.4 Hz), 6.91 (d, 2H, CH=, 
3JH-H= 7.6 Hz), 6.96 (d, 1H, CH=, 3JH-H= 8.8 Hz), 7.07 (d, 1H, CH=, 3JH-H= 8.0 Hz), 
7.22-7.56 (m, 14H, CH=), 7.62 (d, 1H, CH=, 3JH-H= 6.0 Hz), 7.71 (s, 8H, CH=), 7.89 
(d, 1H, CH=, 3JH-H= 8.0 Hz), 8.00 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.03 (s, 1H, CH=), 
8.22(s, 1H, CH=). 13C (100.6 MHz, CDCl3): δ= 0.1 (CH3, SiMe3), 1.2 (CH3, SiMe3), 26.1 
(CH2, cod), 28.9 (CH2, cod), 32.1 (CH2, cod), 35.0 (CH2, cod), 61.4 (CH=, cod), 66.8 
(CH=, cod), 72.5 (CH-N), 74.6 (CH-OP), 78.6 (CH2-Oox), 103.3 (d, CH=, cod, JC-P= 
18.3 Hz), 104.9 (d, CH=, cod, JC-P= 13.7 Hz), 117.4-150.2 (aromatic carbons), 161.6 
(q, C-B, BArF, 1JC-B= 49.7 Hz), 172.0 (d, C=N, 3JC-P= 7.64 Hz). MS HR-ESI [found 
1012.2960, C50H54IrNO4PSi2 (M-BArF)+ requires 1012.2958]. 
 
[Ir(cod)(L12c)]BArF: Yield: 64 mg (96%); 31P NMR (161.9 MHz, CDCl3):105.8 
(s); 1H NMR (400 MHz, CDCl3):  = 0.48 (s, 9H, CH3, SiMe3), 0.71 (s, 9H, CH3, SiMe3), 
1.91 (m, 1H, CH2, cod), 2.04 (m, 1H, CH2, cod),  2.49 (m, 4H, CH2, cod), 2.37 (m, 1H, 
CH2, cod), 2.51 (m, 1H, CH2, cod),  3.11 (m, 1H, CH=, cod), 4.27 (m, 1H, CH=, cod), 
4.75 (m, 1H, CH-Oox), 5.00 (pt, 1H, CH-Oox, JH-H= 10.0 Hz), 5.40 (m, 1H, CH-N), 5.75 
(m, 1H, CH=, cod), 5.81 (m, 1H, CH=, cod), 6.66 (d, 1H, CH-OP, 3JH-P= 6.8 Hz), 7.19 
(t, 2H, CH=, 3JH-H= 9.6 Hz), 7.32 (d, 2H, CH=, 3JH-H= 6.8 Hz), 7.48 (m, 3H, CH=), 
7.62-7.79 (m, 13H, CH=), 7.98 (s, 8H, CH=), 8.11 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.18 
(d, 1H, CH=, 3JH-H= 8.0 Hz), 8.25 (s, 1H, CH=), 8.34 (s, 1H, CH=). 13C (100.6 MHz, 
CDCl3): δ= 0.5 (CH3, SiMe3), 0.6 (CH3, SiMe3), 26.4 (CH2, cod), 30.1 (CH2, cod), 30.6 
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(CH2, cod), 34.3 (d, CH2, cod, JC-P= 7.45 Hz), 61.3 (CH=, cod), 68.6 (CH=, cod), 69.8 
(CH-N), 74.6 (CH-OP), 78.8 (CH2-Oox), 102.5 (d, CH=, cod, JC-P= 18.3 Hz), 107.5 (d, 
CH=, cod, JC-P= 14.4 Hz), 117.5-149.9 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 
49.7 Hz), 172.4 (C=N). MS HR-ESI [found 1012.2962, C50H54IrNO4PSi2 (M-BArF)+ 
requires 1012.2958]. 
 
[Ir(cod)(L13a)]BArF: Yield: 64 mg (96%); 31P NMR (161.9 MHz, CDCl3):103.4 
(s); 1H NMR (400 MHz, CDCl3):  = 1.35 (s, 9H, CH3, tBu), 1.37 (s, 9H, CH3, tBu), 1.48 
(s, 9H, CH3, tBu), 1.61 (s, 9H, CH3, tBu), 1.74 (d, 3H, CH3, 3JH-H= 6.8 Hz), 1.75-2.06 
(m, 8H, CH2, cod), 3.17 (m, 1H, CH=, cod), 3.76 (m, 1H, CH=, cod), 4.58 (dd, 1H, 
CH-Oox, 2JH-H= 9.2 Hz, 3JH-H= 4.0 Hz), 4.71 (m, 1H, CH=, cod),  4.90 (pt, 1H, CH-Oox, 
JH-H= 9.2 Hz), 5.17 (m, 1H, CH-N), 5.18 (m, 1H, CH=, cod), 5.55 (m, 1H, CH-OP), 
7.17 (m, 4H, CH=), 7.40 (m, 3H, CH=), 7.53 (m, 6H, CH=), 7.32 (s, 8H, CH=).13C 
(100.6 MHz, CDCl3): δ= 17.1 (d, CH3, 3JC-P= 9.95 Hz), 28.2 (CH2, cod), 29.4 (CH2, 
cod), 31.2 (CH2, cod),  31.2 (CH3, tBu), 31.3 (CH3, tBu), 32.1 (CH3, tBu), 32.5 (CH2, 
cod), 34.7 (C, tBu), 34.8 (C, tBu), 35.4 (C, tBu), 35.6 (C, tBu), 62.0 (CH=, cod), 67.5 
(CH=, cod), 69.2 (CH-OP), 71.4 (CH-N), 79.4 (CH2-Oox), 103.9 (CH=, cod) 117.4-
149.3 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 174.4 (C=N). MS HR-
ESI [found 930.4205, C47H64IrNO4P (M-BArF)+ requires 930.4202]. 
 
[Ir(cod)(L13b)]BArF: Yield: 63 mg (94%); 31P NMR (161.9 MHz, CDCl3):107.2 
(s); 1H NMR (400 MHz, CDCl3):  = 0.48 (s, 9H, CH3, SiMe3), 0.51 (s, 9H, CH3, SiMe3), 
1.62 (d, 3H, CH3, 3JH-H= 6.4 Hz), 1.63 (m, 2H, CH2, cod), 1.72 (m, 1H, CH2, cod), 1.92 
(m, 2H, CH2, cod),  2.05 (m, 1H, CH2, cod), 2.17 (m, 1H, CH2, cod), 2.34 (m, 1H, CH2, 
cod), 3.14 (m, 1H, CH=, cod), 4.03 (m, 1H, CH=, cod), 4.44 (dd, 1H, CH-Oox, 2JH-H= 
9.6 Hz; 3JH-H= 4.8 Hz), 4.84 (m, 2H, CH-Oox, CH=, cod), 5.20 (m, 1H, CH-OP), 5.38 
(m, 1H, CH-N), 5.75 (m, 1H, CH=, cod), 6.98 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.04 (d, 1H, 
CH=, 3JH-H= 8.8 Hz), 7.11 (d, 2H, CH=, 3JH-H= 8.4 Hz), 7.26 (t, 3H, CH=, 3JH-H= 6.4 
Hz), 7.44-7.52 (m, 8H, CH=), 7.71 (s, 8H, CH=), 7.93 (d, 1H, CH=, 3JH-H= 8.0 Hz), 
7.96 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.10 (s, 1H, CH=), 8.13 (s, 1H, CH=). 13C (100.6 
MHz, CDCl3): δ= 0.2 (CH3, SiMe3), 1.3 (CH3, SiMe3), 19.3 (d, CH3, 3JC-P= 6.84 Hz), 26.3 
(CH2, cod), 29.4 (CH2, cod), 31.4 (CH2, cod), 34.7 (CH2, cod), 60.9 (CH=, cod), 66.4 
(CH=, cod), 68.2 (CH-OP), 71.2 (CH-N), 78.4 (CH2-Oox), 101.8 (d, CH=, cod, JC-P= 
18.3 Hz), 106.7 (d, CH=, cod, JC-P= 15.3 Hz), 117.4-150.3 (aromatic carbons), 161.6 
(q, C-B, BArF, 1JC-B= 50.5 Hz), 173.4 (d, C=N, 3JC-P= 7.64 Hz). MS HR-ESI [found 
950.2804, C45H52IrNO4PSi2 (M-BArF)+ requires 950.2802]. 
 
[Ir(cod)(L13c)]BArF: Yield: 61 mg (92%); 31P NMR (161.9 MHz, CDCl3):109.1 
(s); 1H NMR (400 MHz, CDCl3):  = 0.50 (s, 9H, CH3, SiMe3), 0.64 (s, 9H, CH3, SiMe3), 
1.66 (m, 1H, CH2, cod), 1.73 (d, 3H, CH3, 3JH-H= 6.8 Hz), 1.81 (m, 1H, CH2, cod), 1.92 
(m, 5H, CH2, cod, 2.06 (m, 1H, CH2, cod), 3.05 (m, 1H, CH=, cod), 3.97 (m, 1H, CH=, 
cod), 4.60 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz; 3JH-H= 4.0 Hz), 4.91 (m, 2H, CH-Oox, CH=, 
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cod), 5.18 (m, 1H, CH=, cod), 5.28 (m, 1H, CH-N), 5.47 (m, 1H, CH-OP), 6.96 (d, 1H, 
CH=, 3JH-H= 8.8 Hz), 7.03 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.18 (m, 2H, CH=), 7.25 (m, 
2H, CH=), 7.46-7.52 (m, 6H, CH=), 7.72 (s, 9H, CH=), 7.95 (d, 1H, CH=, 3JH-H= 8.0 
Hz), 7.97 (d, 1H, CH=, 3JH-H= 8.0 Hz), 8.13 (s, 1H, CH=), 8.18 (s, 1H, CH=). 13C 
(100.6 MHz, CDCl3): δ= 0.0 (CH3, SiMe3), 1.2 (CH3, SiMe3), 18.2 (d, CH3, 3JC-P= 7.64 
Hz), 27.5 (CH2, cod), 29.7 (CH2, cod), 29.8 (CH2, cod), 33.2 (CH2, cod), 60.7 (CH=, 
cod), 69.2 (CH=, cod), 69.8 (CH-OP), 71.3 (CH-N), 79.2 (CH2-Oox), 104.6 (d, CH=, 
cod, JC-P= 17.5 Hz), 105.7 (d, CH=, cod, JC-P= 14.4 Hz), 117.4-150.6 (aromatic 
carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 174.2 (C=N). MS HR-ESI [found 
950.2805, C45H52IrNO4PSi2 (M-BArF)+ requires 950.2802]. 
 
[Ir(cod)(L14a)]BArF: Yield: 65 mg (96%); 31P NMR (161.9 MHz, CDCl3):104.1 
(s); 1H NMR (400 MHz, CDCl3):  = 0.57 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 0.89 (d, 3H, 
CH3, iPr, 3JH-H= 6.8 Hz), 1.35 (s, 18H, CH3, tBu), 1.59 (s, 9H, CH3, tBu), 1.67 (s, 9H, 
CH3, tBu), 1.70 (m, 3H, CH2, cod) 1.89 (m, 1H, CH2, cod), 2.17 (m, 3H, CH2, cod),  
2.30 (m, 1H, CH2, cod), 2.40 (m, 1H, CH, iPr), 3.97 (m, 2H, CH=, cod), 4.48 (dd, 1H, 
CH-Oox, 2JH-H= 8.8 Hz, 3JH-H= 4.4 Hz), 4.63 (m, 1H, CH=, cod),  4.84 (pt, 1H, CH-Oox, 
JH-H= 9.6 Hz), 4.90 (m, 1H, CH-OP), 5.34 (dd, 1H, CH-N, 2JH-H= 9.6 Hz, 3JH-H= 4.4 Hz), 
5.65 (m, 1H, CH=, cod), 7.14-7.25 (m, 3H, CH=), 7.405-7.52 (m, 9H, CH=), 7.71 (s, 
8H, CH=).13C (100.6 MHz, CDCl3): δ= 15.8 (CH3, iPr),  17.6 (CH3, iPr),  26.1 (CH2, 
cod), 29.4 (CH2, cod), 31.1 (CH2, cod),  31.2 (CH3, tBu), 31.3 (CH3, tBu), 31.4 (CH3, 
tBu), 34.5 (CH2, cod), 34.6 (CH, iPr), 34.7 (C, tBu), 34.8 (C, tBu), 35.3 (C, tBu), 35.6 
(C, tBu), 63.9 (CH=, cod), 64.0 (CH=, cod), 70.4 (CH-N), 75.9 (CH-OP), 78.9 (CH2-
Oox), 101.4 (d, CH=, cod, JC-P= 18.3 Hz), 105.4 (d, CH=, cod, JC-P= 14.4 Hz), 117.4-
149.1 (aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 50.5 Hz), 173.0 (C=N). MS HR-
ESI [found 958.4518, C49H68IrNO4P (M-BArF)+ requires 958.4515]. 
 
[Ir(cod)(L14b)]BArF: Yield: 64 mg (95%); 31P NMR (161.9 MHz, CDCl3):108.8 
(s); 1H NMR (400 MHz, CDCl3):  = 0.28 (d, 3H, CH3, iPr, 3JH-H= 6.8 Hz), 0.55 (s, 18H, 
CH3, SiMe3), 0.84 (d, 3H, CH3, iPr, 3JH-H= 7.2 Hz), 1.64 (m, 4H, CH2, cod), 2.08 (m, 2H, 
CH2, cod), 2.20 (m, 1H, CH2, cod),  2.35 (m, 1H, CH2, cod), 2.40 (m, 1H, CH, iPr), 3.52 
(m, 1H, CH=, cod), 4.08 (m, 1H, CH=, cod), 4.47 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz; 3JH-
H= 4.4 Hz), 4.75 (m, 1H, CH=, cod),  4.87 (m, 2H, CH-Oox, CH-OP), 5.38 (m, 1H, CH-
N), 5.85 (m, 1H, CH=, cod), 6.98 (t, 2H, CH=, 3JH-H= 9.2 Hz),  7.11 (m, 2H, CH=), 
7.25 (m, 3H, CH=), 7.45-7.52 (m, 8H, CH=), 7.71 (s, 8H, CH=), 7.94 (m, 2H, CH=), 
8.11 (s, 1H, CH=), 8.14 (s, 1H, CH=). 13C (100.6 MHz, CDCl3): δ= 0.1 (CH3, SiMe3), 
1.0 (CH3, SiMe3), 15.8 (CH3, iPr), 17.8 (CH3, iPr), 25.9 (CH2, cod), 29.2 (CH2, cod), 
30.6 (d, CH, iPr, 3JC-P= 6.84 Hz), 31.7 (CH2, cod), 35.0 (CH2, cod), 61.2 (CH=, cod), 
65.5 (CH=, cod), 70.5 (CH-N), 75.2 (CH-OP), 78.4 (CH2-Oox), 101.7 (d, CH=, cod, JC-
P= 19.1 Hz), 106.7 (d, CH=, cod, JC-P= 13.6 Hz), 117.4-151.1 (aromatic carbons), 
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161.6 (q, C-B, BArF, 1JC-B= 50.4 Hz), 173.4 (C=N). MS HR-ESI [found 978.3119, 
C47H56IrNO4PSi2 (M-BArF)+ requires 978.3115].  
 
[Ir(cod)(L14c)]BArF: Yield: 63 mg (93%); 31P NMR (161.9 MHz, CDCl3):108.9 
(s); 1H NMR (400 MHz, CDCl3):  = 0.51 (s, 9H, CH3, SiMe3), 0.64 (s, 9H, CH3, SiMe3), 
0.95 (d, 3H, CH3, iPr, 3JH-H= 6.4 Hz), 1.00 (d, 3H, CH3, iPr, 3JH-H= 6.4 Hz), 1.85 (m, 5H, 
CH2, cod), 2.00 (m, 2H, CH2, cod), 2.14 (m, 1H, CH2, cod),  2.45 (m, 1H, CH, iPr), 3.33 
(m, 1H, CH=, cod), 4.02 (m, 1H, CH=, cod), 4.62 (dd, 1H, CH-Oox, 2JH-H= 9.2 Hz; 3JH-
H= 4.4 Hz), 4.92 (m, 3H, CH=, cod, CH-Oox, CH-OP),  5.29 (m, 2H, CH-N, CH=, cod), 
6.99 (m, 2H, CH=),  7.26 (m, 4H, CH=), 7.42-7.53 (m, 9H, CH=), 7.73 (s, 8H, CH=), 
7.96 (m, 2H, CH=), 8.13 (s, 1H, CH=), 8.16 (s, 1H, CH=). 13C (100.6 MHz, CDCl3): δ= 
0.1 (CH3, SiMe3), 1.0 (CH3, SiMe3), 18.3 (CH3, iPr), 18.3 (CH3, iPr), 28.1 (CH2, cod), 
29.3 (CH2, cod), 31.4 (CH2, cod), 32.2 (d, CH, iPr, 3JC-P= 6.13 Hz), 32.6 (CH2, cod), 
60.6 (CH=, cod), 69.1 (CH=, cod), 71.0 (CH-N), 78.2 (CH2-Oox), 78.6 (CH-OP), 104.6 
(d, CH=, cod, JC-P= 16.9 Hz), 105.4 (d, CH=, cod, JC-P= 14.6 Hz), 117.4-150.2 
(aromatic carbons), 161.6 (q, C-B, BArF, 1JC-B= 49.7 Hz), 173.6 (d, C=N, 3JC-P= 6.13 
Hz). MS HR-ESI [found 978.3118, C47H56IrNO4PSi2 (M-BArF)+ requires 978.3115].  
 
5.3.4.5. Typical procedure for the hydrogenation of olefins.  
 
The alkene (0.5 mmol) and Ir complex (2 mol %) were dissolved in CH2Cl2 (2 mL) and 
placed in a high-pressure autoclave. The autoclave was purged 4 times with hydrogen. 
Then, it was pressurized at the desired pressure. After the desired reaction time, the 
autoclave was depressurized and the solvent evaporated off. The residue was dissolved 
in Et2O (1.5 ml) and filtered through a short plug of celite. The enantiomeric excess 
was determined by chiral GC or chiral HPLC and conversions were determined by 1H 
NMR. The enantiomeric excesses of hydrogenated products from S1-S528,9,10 and 
products derived from cyclic -enamides S31-S3715 were determined using the 
conditions previously described. 
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Metal-catalyzed hydroboration of olefins has become an useful synthetic tool for organic 
chemists. Methods for transformation of the newly introduced carbon-boron bond with 
retention of stereoselectivity are crucial. The major advantage they offer is that the C-B 
formed bond can be derivatized to a consecutive carbon-oxygen, carbon-carbon, carbon-
nitrogen. The organoboranes produced are important intermediates in many natural 
product and drug synthesis. 
Mostly all hydroborations of olefins undergo catalyzed by Rh-based catalyst, being 
styrene derivatives the most used benchmark substrates. 
Regarding 1,1-disubstituted olefins, the examples of their hydroboration is rarely 
existing. Whether the process mediated or catalyzed, in most asymmetric 
transformations involving olefins as prochiral reagents, 1,1-disubstituted olefins stand 
out as a particularly more challenging substrates. This can be attributed to the difficulty 
of a chiral auxiliary or chiral catalyst to discriminate between two relatively similar 
substituents at a germinal position and therefore, discriminate between the two faces of 
the olefin. For that reason, enantioselectivities for these substrates are usually lower 
than those obtained for the corresponding 1,2-disubstituted, trisubstituted or even 
tetrasubstituted analogues.  
The first successful hydroboration of 1,1-disubstituted olefins was carried out by 
Soderquits et al. who designed chiral variants of 9-borabicyclononane (9-BBN) that 
mediated the hydroboration of four different terminal olefins, displaying an 
unprecedented enantioselectivities for the most biased substrates.  
Subsequently, two important breakthroughs in asymmetric hydroboration of 1,1-
disubstituted olefins were reported. They both included metal-catalyzed processes 
instead of expensive and sacrificial stoichiometric chiral auxiliaries. 
The first breakthrough in metal-catalyzed hydroboration of 1,1-disubstitued olefins has 
been carried out by Hoveyda et al.  They reported a NHC-Cu-catalyzed enantioselective 
hydroboration of acyclic and exocyclic 1,1-disubstituted alkenes. They were able to 
hydroborate different kind of sterically and electronically different 1,1-disubstituted 
alkenes providing organoboranes in high conversions and excellent enantioselectivities 
using NHC-Cu catalysts. The drawback of that transformation is the requirement of high 
catalyst loading (7.5 mol%), long reaction times (48 h), low temperature (ranging from 
-15 ºC to -50 ºC) and the presence of an almost equimolar amount of base. 
The second breakthrough on metal-catalyzed hydroboration of 1,1-disubstituted olefins 
was carried out by Mazet et al. They presented a highly regio- and enantioselective 
catalytic hydroboration of -substituted styrene derivatives, using phosphine-oxazoline 
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(PHOX) Ir-catalyst to afford high regioselectivities towards -borylated product as well 
as high enantioselectivities for unhindered 1,1-disubstituted olefins. In that work, only 
high enantioselectivities could be achieved when small substituent (such as methyl) was 
present in -position of the olefin. Moreover, the enantioselectivity was strongly affected 
by the electronic substituent on the aryl group, decreasing dramatically when 
electronrich substituent were present. However, it has the advantage that it can be 
performed under mild conditions and with low catalyst loading. 
Taking into account all the drawbacks and advantages that these metal-catalyzed 
transformation presents, and also the similarity with the hydrogenation of 1,1-
disubstituted olefins, where our phosphite-oxazoline have been successfully applied (See 
Section 5.2), we decided to test our privileged PHOX-based phosphite-oxazoline to the 
Ir-catalyzed asymmetric hydroboration of 1,1-disubstituted olefins. Herein, in Section 
6.2, we present the application of PHOX-based phosphite-oxazoline ligands L1-L4a,              
d-e. A wide range of electronic and sterically different -substituted styrene derivatives 
have been hydroborated to test the influence of replacing phosphine of PHOX ligand by 
a phosphite moiety. Our purpose is to achieve total regioselectivities towards -borylated 
products and high enantioselectivities for a broader range of substrates. 
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6.2. Filling the gaps in the challenging asymmetric hydroboration of 
1,1-disubstituted alkenes with simple phosphite-based 
phosphinooxazoline iridium catalysts 
 
Magre, M.; Biosca, M.; Pàmies, O.; Diéguez, M. ChemCatChem, 2015, 7, 114. 
 
Abstract: We have identified a readily accessible phosphinooxazoline-based phosphite-
oxazoline catalytic system, (S)-4-isopropyl-2-{2-[(3,3’,5,5’-tetra-tert-butyl-1,1’-biphenyl-
2,2’-diyl) phosphite] phenyl}-2-oxazoline L1a, that can hydroborate a range of 1,1-
disubstituted aryl olefins with high enantioselectivity (up to 94 %), excellent yields and perfect 
regioselectivity. The new phosphite-oxazoline ligands efficiently hydroborate a broader range 
of olefins than previous phosphinooxazoline PHOX ligands. In particular, a wide range of -
tert-butylstyrenes can be hydroborated that bear aryl substituents with different electronic 
and steric properties, which complements previous results with N-heterocyclic copper 
catalysts, the only other system reported to date that has achieved these reactions. 
 
6.2.1. Introduction 
Many of today’s pharmaceutical, fragrance and agrochemical compounds, and the 
chemicals used in functional materials are required as pure enantiomers.1 As a result, 
the industrial production of enantiopure chiral compounds is gaining importance and 
synthetic procedures are constantly evolving towards high selectivity and productivity, 
atom economy, operational simplicity, cost efficiency, environmental friendliness, and 
low energy consumption. In comparison to other synthetic approaches, asymmetric 
catalysis is a smart strategy. A small amount of catalyst can produce large quantities of 
the desired chiral compound with only a few reaction steps and synthetic operations, 
thus bringing down the overall production cost, and decreasing the amount of byproducts.   
Chiral organoboron compounds have received a great deal of attention lately.2 They are 
valuable organic intermediates because the C-B bond can be readily transformed to chiral 
C-N, C-O and C-C bonds.2c,3 The synthesis of these compounds by transition-metal 
catalyzed asymmetric hydroboration is attracting considerable interest. However, 
whereas the asymmetric hydroboration of monosubstituted olefins (i.e. styrenes) and 
internal 1,2-disubstituted olefins (i.e. norbornadiene) has been successfully studied, the 
hydroboration of 1,1-disusbtituted olefins is still a challenge.2,4 This is because the chiral 
transition metal catalyst has difficulty in controlling not only the specific boration at the 
desired terminal β-position rather than at the more substituted -position (most 
catalysts favor the Markovnikov regioselectivity),5 but also the face selectivity 
coordination (due to the presence of the two relatively similar substituents at the geminal 
position). To date high regio- and enantioselectivities have been reported in only three 
publications but the substrate scope is limited (Scheme 6.2.1).6 In 2008 Soderquist et 
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al. reported the hydroboration of 1,1-disubstituted alkenes using stoichiometric 
quantities of chiral boranes with ee's between 28-92% (Scheme 6.2.1a).6a The highest 
enantioselectivity was observed only with 2,3,3-trimethylbut-1-ene.  
Subsequently, two important breakthroughs in the asymmetric hydroboration of 1,1-
disubstituted olefins were reported (Scheme 6.2.1b). They both included metal-




Scheme 6.2.1. State-of-the-art in the asymmetric hydroboration of challenging 1,1-
disubstituted olefins. 
One of them, reported by Hoveyda et al., showed the asymmetric hydroboration of 1,1-
disubstituted aryl-alkyl olefins with chiral Cu-based bidentate N-heterocyclic carbene 
catalysts.6b A range of -methylstyrenes, and some aryl olefins with alkyl substituents 
other than the typical methyl unit and exocyclic alkenes, were hydroborated with high 
regioselectivities and enantioselectivities in the range 61-92% ee. Despite this important 
advance, high catalyst loading (7.5%), long reaction times (48h), low temperature 
(ranging from -15 ºC to -50 ºC) and the presence of an almost equimolar amount of 
base were required (Scheme 6.2.1b). Mazet et al. also reported the hydroboration of a 
range of 1,1-disubstituted aryl-alkyl olefins with excellent yields and regioselectivities 
(with exclusive attack at the desired -position) but with the Ir-catalyst modified with 
the readily accessible phosphine-oxazoline PHOX-tBu ligand (Scheme 6.2.1b).6c 
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Enantioselectivity (up to 92%), however, was only high in the hydroboration of -
methylstyrene S1. The introduction of substituents at the aryl ring or the increase of the 
steric requirements at the alkyl substituent of the substrate decreased the 
enantioselectivity considerably. Although fewer substrates were successfully 
hydroborated than for the Cu-NHC based catalysts, the Ir-PHOX catalysts allow this 
transformation to take place under milder reaction conditions and with lower catalyst 
loading (Scheme 6.2.1b) which is more advantageous as a sustainable industrial process. 
Because of the limited substrate scope of the three advances mentioned, new 
developments in this field are still needed.  
In most asymmetric transformations involving olefins as prochiral reagents (i.e. 
epoxidation, hydrogenation, etc.), 1,1-disubstituted olefins are systematically 
challenging substrates,7 mainly due to face selectivity issues (as in the hydroboration 
reaction).  
We recently showed that the highest reported enantioselectivities in the Ir-catalyzed 
hydrogenation of a very large range of simple 1,1-disubstituted olefins can be achieved 
by introducing a biaryl phosphite moiety into the ligand.7c-d,8 Inspired by the work of Prof. 
Mazet6c and the similarities of the elementary steps involved in the hydroboration and 
hydrogenation, we studied here whether the introduction of a biaryl phosphite moiety 
into the ligand is also beneficial for the Ir-catalyzed hydroboration.  
To this end, we took the previously successful PHOX ligand family and replaced the 
phosphine group with biaryl-phosphite moieties (ligands L1-L4a,d-e, Figure 6.2.1).  
 
 
Figure 6.2.1. Phosphite-oxazoline PHOX-based ligands L1-L4a, d-e. 
In this paper we present the application of these phosphite-oxazoline ligands L1-L4a,d-
e in the asymmetric Ir-catalyzed hydroboration of 1,1-disubstituted olefins. These 
ligands incorporate the advantages of biaryl phosphites such as higher resistance to 
oxidation than phosphines, facile synthesis from readily available chiral alcohols and a 
straightforward modular construction.9  
We investigated the catalytic performance by systematically varying the electronic and 
steric properties of the oxazoline substituents (L1-L4) and different 
substituents/configurations in the biaryl phosphite group (a, d-e). 
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6.2.2. Results and Discussion 
6.2.2.1. Ligand synthesis 
The phosphite-oxazoline PHOX-based ligands L1a, d-e can be straightforwardly 
synthesized by following the procedure previously described10 in Section 5.2 (Scheme 
6.2.2).  
 
Scheme 6.2.2. Synthetic route for the synthesis of new phosphite-oxazoline PHOX-based 
ligands L1a, d-e. 
6.2.2.2. Initial screening experiments of phosphite-oxazoline PHOX-based 
ligands  
As previously mentioned, the effectiveness of the catalyst in transferring the chiral 
information to the hydroborated product mainly depends on its ability to sterically 
differentiate between the two geminal substituents of the olefin. In order to assess the 
potential of the phosphite-oxazoline PHOX-based ligands L1-L4a, d-e in the 
hydroboration of substrates with different steric requirements, we initially evaluated 
them in the asymmetric Ir-catalyzed hydroboration of model substrate S12,6 and the 
hydroboration of more demanding S2 (Table 6.2.1). 
For purposes of comparison, we first tested L1-L4a, d-e using the same optimal reaction 
conditions found in the previous study of Mazet et al. with related Ir-PHOX catalytic 
systems.6c Reactions were therefore performed at room temperature, using 2.5 mol% of 
in situ generated catalyst ([Ir(-OMe)(cod)]2/L) and hexane as solvent.6c The results are 
collected in Table 6.2.1.  
All ligands favored the attack at the -position, and the desired primary 
(pinacolato)boron adduct 1 was achieved with perfect regiocontrol (1/2 ratio >99). 
Although enantioselectivities were moderate for -methylstyrene S1, an 
unprecedentedly high enantioselectivity was achieved for the more challenging -tert-
butylstyrene S2 (ee's up to 88%). It should be pointed out that the hydroboration of S2 
using the related phosphine-oxazoline PHOX-tBu ligand provided no conversion under 
the same reaction conditions (Table 6.2.1, entry 7). These important results indicate 
that both PHOX-based ligand families are complementary so we can successfully 
hydroborate both substrate types by correctly combining substrate and ligand type 
(phosphine-N or phosphite-N).    
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Entry L* % Conv (1a:2a)b %eec % Conv (1b:2b)b %eec 
1 L1a 100 (>99:1) 44 (S) 100 (>99:1) 88 (S) 
2 L1d 50 (>99:1) 7 (S) 46 (>99:1) 43 (S) 
3 L1e 60 (>99:1) 41 (S) 59 (>99:1) 79 (S) 
4 L2a 100 (>99:1) 17 (S) 100 (>99:1) 43 (S) 
5 L3a 100 (>99:1) 42 (S) 100 (>99:1) 86 (S) 
6 L4a 96 (>99:1) 43 (S) 84 (>99:1) 88 (S) 
7 PHOX-tBu 100 (>99:1) 92 (S)6c 0 - 
a All reactions carried out in duplicate using 1 mmol of substrate, 1.25 mol% of [Ir(-OMe)(cod)]2, 
2.5 mol% of ligand, hexane (2 mL). b % Conversion measured by 1H NMR. In all cases 
regioselectivities >99% were. c Determined by HPLC after conversion to the corresponding alcohols. 
 
 
As far as the effect of the ligand parameters on activities and enantioselectivities is 
concerned, we found that bulky tert-butyl groups are needed at the ortho and para 
positions of the biaryl phosphite moiety to achieve the highest activities and 
enantioselectivities (Table 6.2.1, entry 1 vs 2 and 3). We also found that ligands with an 
S biaryl phosphite group provided better enantioselectivities than ligands with an R biaryl 
phosphite group (Table 6.2.1, entry 2 vs 3). This is an advantage because it means that 
the inexpensive 3,3',5,5'-tetra-tert-butyl-[1,1'-biphenyl]-2,2'-diyl phosphite moiety (a) 
can be used. For the oxazoline substituent, the enantioselectivities are highest with bulky 
isopropyl and tert-butyl groups (ligands L1a and L4a, Table 6.2.1, entries 1 and 6), but 
the activities are best when the sterical demand on the oxazoline substituents is 
decreased. The tradeoff between activities and enantioselectivities is therefore best with 
ligand L1a (Table 6.2.1, entry 1). 
This result contrasts with the one described by Mazet's group, which required the 
presence of a tert-butyl oxazoline substituent to achieve high enantioselectivity, and it 
has an economic advantage because L1a is derived from L-valinol, which is around eight 
times cheaper than the L-tert-leucinol required for the synthesis of the PHOX-tBu ligand. 
We next optimized the reaction conditions by evaluating a variety of solvents and 
catalyst precursors using ligand L1a, which had provided the best results (Table 6.2.2).  
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Table 6.2.2. Asymmetric hydroboration of -tert-butylstyrene S2. Effect of the solvent and 
catalyst precursorsa 
 
Entry Solvent [Cat. precursor] % Conv (1b:2b)b %eec 
1 Hexane [Ir(-OMe)(cod)]2 100 (>99:1) 88 (S) 
2 THF [Ir(-OMe)(cod)]2 88 (>99:1) 76 (S) 
3 CH2Cl2 [Ir(-OMe)(cod)]2 100 (>99:1) 80 (S) 
4 Toluene [Ir(-OMe)(cod)]2 96 (>99:1) 83 (S) 
5 Hexane [Ir(-Cl)(cod)]2 100 (>99:1)d 92 (S) 
6 Hexane [Ir(cod)L1a]BArF 61 (>99:1) 66 (S) 
a All reactions carried out in duplicate using 1 mmol of substrate, 1.25 mol% of Ir-catalyst precursor, 
2.5 mol% of L1a, solvent (2 mL). b Determined by 1H NMR. c Determined by HPLC after conversion 
to the corresponding alcohol. d 91% of isolated yield. 
 
Although in all cases regioselectivity towards the desired -adduct 1 remained excellent, 
activity and enantioselectivity were highly dependent on the solvent and the nature of 
the catalyst precursor. The combination of hexane and [Ir(-Cl)(cod)]2 as catalyst 
precursor was found to be optimal (Table 6.2.2, entry 5). Under these new reaction 
conditions, we were therefore able to increase the enantioselectivity to 92% while 
maintaining the excellent yield and regioselectivity of the desired -compound 1. To the 
best of our knowledge Ir-L1a is the first catalytic system that can hydroborate S2 with 
perfect regioselectivity, excellent yield and high enantioselectivity. 
6.2.2.3. Asymmetric hydroboration of other 1,1-disubstituted olefins: scope 
and limitations 
The unprecedented results obtained up to this point with Ir-L1a catalyst in the 
hydroboration of S2 encouraged us to test Ir-L1a in the hydroboration of other 1,1-
disubstituted olefins (Table 6.2.3).  
First, we studied the hydroboration of several phenyl/alkyl olefins bearing alkyl 
substituents with different steric demands (S3-S5; Table 6.2.3, entries 3-5). Excellent 
regioselectivities of the desired -adduct 1 were achieved. Enantioselectivities were 
moderate regardless of the steric demands of the alkyl substituent (entries 3-5). 
However, enantioselectivities were not as low as those observed with related Ir-PHOX 
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catalysts when the steric hindrance on alkyl substituents was increased (i.e. ee's 
decreased from 92% to 31% when the Me was replaced by an Et substituent).6c  
 
Table 6.2.3. Asymmetric hydroboration of 1,1-disubstituted olefins. Scope and limitations.a 
 
Entry Substrate R1 R2 1:2 % Yield b %eec 
1 S1 C6H5 Me >99:1 93 50 (S) 
2 S2 C6H5 tBu >99:1 91 92 (S) 
3 S3 C6H5 Et >99:1 90 55 (S) 
4 S4 C6H5 iBu >99:1 88 56 (S) 
5 S5 C6H5 iPr >99:1 89 58 (S) 
6 S6 4-Me-C6H4 tBu >99:1 92 94 (S) 
7 S7 4-OMe-C6H4 tBu >99:1 91 93 (S) 
8 S8 4-CF3-C6H4 tBu >99:1 94 90 (S) 
9 S9 2-Naph tBu >99:1 89 87 (S) 
10 S10 3-Me-C6H4 tBu >99:1 90 92 (S) 
11 S11 4-OMe-C6H4 CF3 >99:1 88 18 (S) 
12d S11 4-OMe-C6H4 CF3 - 0 nd 
a All reactions carried out in duplicate using 1 mmol of substrate, 1.25 mol% of [Ir(-Cl)(cod)]2, 2.5 
mol% of L1a, hexane (2 mL). b Determined by 1H NMR. c Determined by HPLC or GC after conversion 
to the corresponding alcohol. d Reaction carried out using the Ir PHOX-tBu catalyst. The hydrogenated 
product was isolated in 45% yield and 0% ee. 
 
We next studied several -tert-butylstyrenes that had aryl substituents with different 
electronic and steric properties (S6-S10; Table 6.2.3, entries 6-10). Advantageously, 
Ir-L1a is very tolerant to variations in the substituents of the aryl ring and can 
hydroborate a wide range of -tert-butylstyrenes with comparable high 
enantioselectivities (up to 94%) and yields and perfect regioselectivity. Accordingly, our 
results using several para-substituted -tert-butylstyrenes (S6-S8) indicated that 
enantioselectivity is relatively insensitive to the electronic effects in the aryl ring (ee's in 
the range 90-94%; entries 2, 6-8). Enantioselectivities were, however, highest in the 
hydroboration of electron-rich olefins S6 and S7 (entries 6-7). Enantioselectivities were 
also excellent in the hydroboration of meta-substituted olefins (S9-S10; entries 9-10). 
Again these results contrast with the ones described by Mazet et al. with related Ir-PHOX 
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catalysts where the introduction of any type of substituent at the aryl ring of the 
substrate had a negative effect on enantioselectivity.6c  
We then looked into the hydroboration of aryl/trifluoromethyl olefins. Due to the unique 
properties of the fluorine, the efficient hydroboration of these substrates opens up an 
appealing route for obtaining organic intermediates for the preparation of drugs, 
agrochemicals, and materials. To the best of our knowledge only Hoveyda et al. have 
attempted the hydroboration of this substrate class with their Cu-NHC catalysts although 
they obtained undesired difluoroallylboronates.6b Here we have tested the new Ir-L1a 
and related Ir-PHOX catalysts in the hydroboration of the model 1-methoxy-4-(3,3,3-
trifluoroprop-1-en-2-yl)benzene S11 substrate (Table 6.2.3, entries 11 and 12). While 
Ir-PHOX-tBu was found to be inadequate, because it provided exclusively the 
hydrogenated product in racemic form, the Ir-L1a catalyst gave the desired 
hydroborated product with perfect regioselectivity and good yield, albeit with low 
enantiocontrol. This result opens up new possibilities for further research and it 
demonstrates once again that the behavior is not that observed with the Ir-phosphine-
oxazoline PHOX catalysts. 
6.2.3. Conclusions 
We have identified a readily accessible Ir-phosphite/oxazoline PHOX-based catalytic 
system (L1a) that can hydroborate a range of 1,1-disubstituted aryl olefins with high 
enantioselectivity (up to 94%), excellent yields and perfect regioselectivity. The new 
phosphite-oxazoline PHOX-based ligands can efficiently hydroborate a broader range of 
olefins than previous phosphine-oxazoline PHOX ligands. Particularly, we were able to 
successfully hydroborate a wide range of -tert-butylstyrenes, with aryl substituents that 
have different electronic and steric properties, thus complementing the results of Cu-
NHC catalysts, the only other system reported to date that has attempted these 
reactions. In addition, the introduction of a biaryl phosphite moiety allows for the first 
time the highly regioselective hydroboration of aryl/trifluoromethyl olefins. Another 
advantage over previous PHOX ligands is that the new ligands are stable to air and 
therefore easier to handle and can be manipulated and stored in air. This contribution 
opens up the path for the synthesis of new Ir phosphite-based catalysts for the 
challenging hydroboration of 1,1-disubstituted olefins. Further studies on the design of 
new Ir/phosphite-based catalysts to further broaden the scope of this hydroboration 
reaction are currently underway. 
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6.2.4. Experimental Section 
6.2.4.1. General considerations 
All reactions were carried out using standard Schlenk techniques under an argon 
atmosphere. Solvents were purified and dried by standard procedures. 
Phosphorochloridites were easily prepared in one step from the corresponding 
binaphthols.11 Intermediate compound (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-
yl)phenol,12 ligands L1-L4a10, ligands L1d-e (see Section 5.2) and substrates S2,13 S3,14 
S4,15 S5,13 S117c were prepared as previously reported. Substrates S6-S10 were 
prepared using the Wittig olefination procedure.16 1H, 13C, and 31P NMR spectra were 
recorded using a 400 MHz spectrometer. Chemical shifts are relative to those of SiMe4 
(1H and 13C) as internal standard or H3PO4 (31P) as external standard. 1H, 13C and 31P 
assignments were made on the basis of 1H-1H gCOSY and 1H-13C gHSQC. 
6.2.4.2. General procedure for the asymmetric hydroboration of 1,1-
disubstituted substrates 
The corresponding ligand (2.5.10-2 mmol) and [Ir(-Cl)(cod)]2 (8.4 mg; 2.5.10-5 mmol) 
were dissolved in hexane (2 mL) and stirred for 10 minutes at room temperature. Then, 
the slightly turbid solution was cooled to 0°C and the desired 1,1-disubstituted olefin 
(1.0 mmol) was slowly added. After 5 minutes, pinacolborane (150 L, 1.0 mmol) was 
added dropwise. The ice bath was then removed and the reaction was stirred at room 
temperature. After 18 hours, the volatiles were evaporated and the crude mixture was 
purified by column chromatography (SiO2; Et2O/hexane (1:9)) to give the hydroborated 
product as colorless oil. 
Enantiomeric excesses were determined after oxidation of the pinacolborane derivatives 
to the corresponding alcohols. Pinacolborane derivative (0.25 mmol) were dissolved in 
Et2O (2 mL) and cooled to 0°C. NaOH (3N, 2.0 mL) and H2O2 (30%, 1.5 mL) were then 
added. The resulting solution was stirred at room temperature for 2 h. Then, the solution 
was extracted twice with Et2O (2 mL) and dried over MgSO4, to yield the desired chiral 
primary alcohol. 
 
4,4,5,5-Tetramethyl-2-(2-phenylpropyl)-1,3,2-dioxaborolane (1a). 1H NMR 
(CDCl3), δ: 1.08 (s, 12H, CH3, Bpin), 1.09 (m, 2H, CH2), 1.20 (d, 3JH-H= 8 Hz, 3H, CH3), 
2.95 (m, 1H, CH), 7.0-7.2 (m, 5H, CH=). 13C NMR (CDCl3), δ: 24.6 (CH3, Bpin), 24.7 
(CH3, Bpin), 24.9 (CH3), 35.8 (CH), 82.9 (C, Bpin), 125.7 (CH=), 126.6 (CH=), 128.1 
(CH=), 149.2 (C). HRMS calcd. for C15H23BO2 (M+): 246.1791; found: 246.1794. 
Enantiomeric excesses determined after oxidation to phenylpropan-1-ol. 1H NMR (CDCl3), 
δ: 1.23 (d, 3JH-H= 8 Hz, 3H, CH3), 2.95 (m, 1H, CH), 3.71 (m, 2H, CH2), 7.2-7.4 (m, 5H, 
CH=).13C NMR (CDCl3), δ: 17.5 (CH3), 42.4 (CH), 68.7 (CH2), 126.7 (CH=), 127.4 (CH=), 
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128.6 (CH=), 143.6 (C). HRMS calcd. for C9H12O (M+): 136.0888; found: 136.0885. Ee 
determined by HPLC using Chiracel IA column (hexane/2-propanol=99/1, 0.5 mL/min, 
254 nm). tR 38.9 min (R); tR 41.7 min (S). 
 
2-(3,3-Dimethyl-2-phenylbutyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1b). 
1H NMR (CDCl3), δ: 0.83 (s, 9H, CH3, tBu), 0.91 (s, 6H, CH3, Bpin), 0.96 (s, 6H, CH3, 
Bpin), 1.18 (m, 2H, CH2), 2.67 (m, 1H, CH), 7.05-7.20 (m, 5H, CH=). 13C NMR (CDCl3), 
δ: 24.2 (CH3, Bpin), 24.5 (CH3, Bpin), 27.7 (CH3, tBu), 34.0 (C, tBu), 51.6 (CH), 82.7 (C, 
Bpin), 125.6 (CH=), 127.1 (CH=), 129.7 (CH=), 144.3 (C). HRMS calcd. for C18H29BO2 
(M+): 288.2261; found: 288.2259. Enantiomeric excesses determined after oxidation to 
3,3-dimethyl-2-phenylbutan-1-ol. 1H NMR (CDCl3), δ: 0.87 (s, 9H, CH3, tBu), 2.65 (m, 
1H, CH), 4.01 (m, 2H, CH2), 7.05-7.35 (m, 5H, CH=). 13C NMR (CDCl3), δ: 28.4 (CH3, 
tBu), 33.1 (C, tBu), 58.9 (CH), 62.6 (CH2), 125.6 (CH=), 126.8 (CH=), 127.1 (CH=), 
128.2 (CH=), 140.2 (C). HRMS calcd. for C12H18O (M+): 178.1358; found: 178.1357. Ee 
determined by HPLC using Chiracel IA column (hexane/2-propanol=98/2, 0.5 mL/min, 
220 nm). tR 23.0 min (S); tR 25.2 min (R). 
 
4,4,5,5-Tetramethyl-2-(2-phenylbutyl)-1,3,2-dioxaborolane (1c). 1H NMR 
(CDCl3), δ: 0.73 (t, 3JH-H= 8.0 Hz, 3H, CH3), 1.08 (s, 12H, CH3, Bpin), 1.12 (m, 2H, CH2), 
1.59 (m, 2H, CH2), 2.65 (m, 1H, CH), 7.0-7.2 (m, 5H, CH=). 13C NMR (CDCl3), δ: 12.2 
(CH3), 24.6 (CH3, Bpin), 24.7 (CH3, Bpin), 35.8 (CH), 43.3 (CH2), 82.9 (C, Bpin), 125.7 
(CH=), 127.4 (CH=), 128.0 (CH=), 147.2 (C). HRMS calcd. for C16H25BO2 (M+): 
260.1948; found: 260.1947. Enantiomeric excesses determined after oxidation to 2-
phenylbutan-1-ol. 1H NMR (CDCl3), δ: 0.85 (t, 3JH-H= 8.0 Hz, 3H, CH3), 1.5-1.8 (m, 2H, 
CH2), 2.65 (m, 1H; CH), 3.75 (m, 2H, CH2), 7.20-7.35 (m, 5H, CH=). 13C NMR (CDCl3), 
δ: 12.5 (CH3), 25.7 (CH2), 50.5 (CH), 67.3 (CH2), 126.7 (CH=), 128.1 (CH=), 128.6 
(CH=), 142.2 (C). HRMS calcd. for C10H14O (M+): 150.1045; found: 150.1043. Ee 
determined by GC using CP-Chirasil-Dex CB column (90 kPa H2, 110 °C isotherm). tR 8.8 
min (S); tR 9.2 min (R). 
 
4,4,5,5-Tetramethyl-2-(4-methyl-2-phenylpentyl)-1,3,2-dioxaborolane (1d). 
1H NMR (CDCl3), δ: 0.81 (d, 3JH-H= 6.0 Hz, 3H, CH3, iBu), 0.85 (d, 3JH-H= 8.0 Hz, 3H, CH3, 
iBu), 1.02 (s, 12H, CH3, Bpin), 1.2-1.6 (m, 5H), 2.95 (m, 1H, CH), 7.1-7.3 (m, 5H, CH=) 
13C NMR (CDCl3), δ: 22.0 (CH3, iBu), 23.4 (CH3, iBu), 24.6 (CH3, Bpin), 24.7 (CH3, Bpin), 
29.6 (CH2, iBu), 39.2 (CH, iBu), 49.0 (CH), 82.8 (C, Bpin), 125.6 (CH=), 127.4 (CH=), 
128.0 (CH=), 147.6 (C). HRMS calcd. for C18H29BO2 (M+): 288.2261; found: 288.2262. 
Enantiomeric excesses determined after oxidation to 4-methyl-2-phenylpentan-1-ol. 1H 
NMR (CDCl3), δ: 0.79 (m, 6H, CH3, iBu), 1.2-1.6 (m, 5H), 2.85 (m, 1H, CH), 3.62 (m, 
2H, CH2), 7.1-7.3 (m, 5H, CH=).13C NMR (CDCl3), δ: 21.8 (CH3, iBu), 23.5 (CH3, iBu), 
25.3 (CH2, iBu), 41.1 (CH, iBu), 46.4 (CH), 68.0 (CH2), 126.7 (CH=), 128.1 (CH=), 128.6 
(CH=), 142.4 (C). HRMS calcd. for C12H18O (M+): 178.1358; found: 178.1356. Ee 
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determined by HPLC using Chiracel IA column (hexane/2-propanol=98/2, 0.5 mL/min, 
220 nm). tR 22.5 min (S); tR 24.3 min (R). 
 
4,4,5,5-Tetramethyl-2-(3-methyl-2-phenylbutyl)-1,3,2-dioxaborolane (1e). 1H 
NMR (CDCl3), δ: 0.65 (d, 3JH-H= 8.0 Hz, 3H, CH3, iPr), 0.87 (d, 3JH-H= 8.0 Hz, 3H, CH3, 
iPr), 1.02 (s, 12H, CH3, Bpin), 1.04 (s, 12H, CH3, Bpin), 1.0-1.2 (m, 2H, CH2), 1.68 (m, 
1H, CH, iPr), 2.55 (m, 1H, CH), 7.0-7.2 (m, 5H, CH=).13C NMR (CDCl3), δ: 20.4 (CH3, 
iPr), 20.6 (CH3, iPr), 24.4 (CH3, Bpin), 24.6 (CH3, Bpin), 35.3 (CH, iPr), 48.3 (CH), 82.7 
(C, Bpin), 125.6 (CH=), 127.7 (CH=), 128.3 (CH=), 146.1 (C). HRMS calcd. for 
C17H27BO2 (M+): 274.2104; found: 274.2102. Enantiomeric excesses determined after 
oxidation to 3-methyl-2-phenylbutan-1-ol. 1H NMR (CDCl3), δ: 0.75 (d, 3JH-H= 8.0 Hz, 
3H, CH3, iPr), 1.02 (d, 3JH-H= 8.0 Hz, 3H, CH3, iPr), 1.93 (m, 1H, CH, iPr), 2.55 (m, 1H, 
CH), 3.8-4.0 (m, 2H, CH2), 7.2-7.4 (m, 5H, CH=). 13C NMR (CDCl3), δ: 21.0 (CH3, iPr), 
21.1 (CH3, iPr), 30.1 (CH, iPr), 55.8 (CH), 65.2 (CH2), 126.7 (CH=), 128.5 (CH=), 128.7 
(CH=), 141.6 (C). HRMS calcd. for C11H16O (M+): 164.1201; found: 164.1202. Ee 
determined by HPLC using Chiracel IA column (hexane/2-propanol=98/2, 0.5 mL/min, 
210 nm). tR 25.2 min (S); tR 26.5 min (R). 
 
2-(3,3-Dimethyl-2-(p-tolyl)butyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(1f). 1H NMR (CDCl3), δ: 0.85 (s, 9H, CH3, tBu), 0.94 (s, 6H, CH3, Bpin), 0.97 (s, 6H, 
CH3, Bpin), 1.21 (m, 2H, CH2), 2.27 (s, 3H, CH3), 2.67 (m, 1H, CH), 6.9-7.1 (m, 4H, 
CH=). 13C NMR (CDCl3), δ: 20.9 (CH3), 24.2 (CH3, Bpin), 24.5 (CH3, Bpin), 27.7 (CH3, 
tBu), 34.0 (C, tBu), 51.2 (CH), 82.7 (C, Bpin), 127.7 (CH=), 129.5 (CH=), 134.9 (C), 
141.2 (C). HRMS calcd. for C19H31BO2 (M+): 302.2417; found: 302.2415. Enantiomeric 
excesses determined after oxidation to 3,3-dimethyl-2-(p-tolyl)butan-1-ol. 1H NMR 
(CDCl3), δ: 0.88 (s, 9H, CH3, tBu), 2.33 (s, 3H, CH3), 2.64 (m, 1H, CH), 4.0 (m, 2H, CH2), 
7.1-7.2 (m, 4H, CH=).13C NMR (CDCl3), δ: 21.0 (CH3), 28.4 (CH3, tBu), 33.0 (C, tBu), 
58.9 (CH), 62.5 (CH2), 128.9 (CH=), 129.6 (CH=), 136.3 (C), 136.7 (C) HRMS calcd. 
for C13H20O (M+): 192.1514; found: 192.1511. Ee determined by GC using Chiradex B-
DM column (77 kPa H2, 110 °C isotherm). tR 26.5 min (S); tR 27.5 min (R). 
 
2-(2-(4-Methoxyphenyl)-3,3-dimethylbutyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1g). 1H NMR (CDCl3), δ: 0.83 (s, 9H, CH3, tBu), 0.90 (s, 6H, CH3, Bpin), 
0.97 (s, 6H, CH3, Bpin), 1.22 (m, 2H, CH2), 2.65 (m, 1H, CH), 3.76 (s, 3H, OCH3), 6.75 
(d, 2H, 3JH-H= 8.0 Hz, CH=), 7.07 (d, 2H, 3JH-H= 8.0 Hz, CH=). 13C NMR (CDCl3), δ: 24.2 
(CH3, Bpin), 24.6 (CH3, Bpin), 27.6 (CH3, tBu), 34.1 (C, tBu), 50.7 (CH), 55.2 (OCH3), 
82.7 (C, Bpin), 112.5 (CH=), 130.4 (CH=), 136.6 (C), 157.7 (C). HRMS calcd. for 
C19H31BO3 (M+): 318.2366; found: 318.2365. Enantiomeric excesses determined after 
oxidation to 2-(4-methoxyphenyl)-3,3-dimethylbutan-1-ol. 1H NMR (CDCl3), δ: 0.87 (s, 
9H, CH3, tBu), 2.63 (m, 1H, CH), 3.82 (s, 3H, CH3O), 3.97 (m, 2H, CH2), 6.87 (d, 2H, 
3JH-H= 8.4 Hz, CH=), 7.14 (d, 2H, 3JH-H= 8.4 Hz, CH=). 13C NMR (CDCl3), δ: 28.3 (CH3, 
tBu), 33.1 (C, tBu), 55.2 (OCH3), 58.1 (CH), 62.5 (CH2), 113.6 (CH=), 130.6 (CH=), 
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131.6 (C), 158.4 (C). HRMS calcd. for C13H20O2 (M+): 208.1463; found: 208.1460. Ee 
determined by GC using CP-Chirasil-Dex CB column (90 kPa H2, 110 °C for 40 min, 
5 °C/min until 150 °C, 20 °C/min until 170 °C). tR 49.6 min (S); tR 49.9 min (R). 
 
2-(3,3-Dimethyl-2-(4-(trifluoromethyl)phenyl)butyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (1h). 1H NMR (CDCl3), δ: 0.86 (s, 6H, CH3, Bpin), 0.88 (s, 6H, 
CH3, Bpin), 0.95 (s, 9H, CH3, tBu), 1.27 (m, 2H, CH2) 2.77 (m, 1H, CH), 7.28 (d, 2H, 3JH-
H= 8.0 Hz, CH=), 7.47 (d, 2H, 3JH-H= 8.0 Hz, CH=). 13C NMR (CDCl3), δ: 24.1 (CH3, Bpin), 
24.5 (CH3, Bpin), 27.6 (CH3, tBu), 29.7 (C, tBu), 51.6 (CH), 82.9 (C, Bpin), 124.1 (CH=), 
132.2 (CH=), 128.9 (C), 152.3 (C). HRMS calcd. for C19H28BF3O2 (M+): 356.2134; found: 
356.2133. Enantiomeric excesses determined after oxidation to 3,3-dimethyl-2-(4-
(trifluoromethyl)phenyl)butan-1-ol. 1H NMR (CDCl3), δ: 0.87 (s, 9H, CH3, tBu), 2.76 (m, 
1H, CH), 4.06 (m, 2H, CH2), 7.34 (d, 2H, 3JH-H= 7.6 Hz, CH=), 7.59 (d, 2H, 3JH-H= 7.6 Hz, 
CH=). 13C NMR (CDCl3), δ: 28.3 (CH3, tBu), 32.1 (C, tBu), 58.8 (CH), 62.5 (CH2), 125.0 
(CH=), 130.6 (CH=), 145.8 (C), 160.0 (C). HRMS calcd. for C13H17BF3O (M+): 246.1231; 
found: 246.1229. Ee determined by HPLC using Chiracel IA column (hexane/2-
propanol=98/2, 0.5 mL/min, 220 nm). tR 32.7 min (S); tR 38.4 min (R). 
 
2-(3,3-Dimethyl-2-(naphthalen-2-yl)butyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1i). 1H NMR (CDCl3), δ: 0.81 (s, 9H, CH3, tBu), 0.87 (s, 6H, CH3, Bpin), 
0.91 (s, 6H, CH3, Bpin), 1.2-1.4 (m, 2H, CH2), 2.89 (m, 1H, CH), 7.4-7.8 (m, 7H, CH=). 
13C NMR (CDCl3), δ: 24.1 (CH3, Bpin), 24.5 (CH3, Bpin), 27.8 (CH3, tBu), 34.4 (C, tBu), 
51.7 (CH), 82.7 (C, Bpin), 124.4 (CH=), 125.4 (CH=), 126.3 (CH=), 127.3 (CH=), 127.7 
(CH=), 132.2 (C), 133.0 (C). HRMS calcd. for C22H31BO2 (M+): 338.2417; found: 
338.2415. Enantiomeric excesses determined after oxidation to 3,3-dimethyl-2-
(naphthalen-2-yl)butan-1-ol. 1H NMR (CDCl3), δ: 0.83 (s, 9H, tBu), 2.79 (m, 1H, CH), 
4.07 (m, 2H, CH2), 7.30-7.77 (m, 7H, CH=) 13C NMR (CDCl3), δ: 28.5 (CH3, tBu), 33.7 
(C, tBu), 59.1 (CH), 62.6 (CH2), 125.5 (CH=), 126.1 (CH=), 127.5 (CH=), 127.6 (CH=), 
127.7 (CH=), 132.5 (C), 133.2 (C), 137.7 (C). HRMS calcd. for C16H20O (M+): 228.1514; 
found: 228.1513. Ee determined by HPLC using Chiracel IA column (hexane/2-
propanol=98/2, 0.5 mL/min, 220 nm). tR 40.4 min (S); tR 44.5 min (R). 
 
2-(3,3-Dimethyl-2-(m-tolyl)butyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(1j). 1H NMR (CDCl3), δ: 0.93 (s, 9H, CH3, tBu), 0.95 (s, 6H, CH3, Bpin), 0.96 (s, 6H, 
CH3, Bpin), 1.23 (m, 2H, CH2), 2.29 (s, 3H, CH3), 2.68 (m, 1H, CH), 6.9-7.1 (m, 5H, 
CH=). 13C NMR (CDCl3), δ: 21.4 (CH3), 24.2 (CH3, Bpin), 24.5 (CH3, Bpin), 27.7 (CH3, 
tBu), 34.0 (C, tBu), 51.5 (CH), 82.6 (C, Bpin), 126.2 (CH=), 127.0 (CH=), 136.3 (CH=), 
138.0 (C), 144.3 (C). HRMS calcd. for C19H31BO2 (M+): 302.2417; found: 302.2414. 
Enantiomeric excesses determined after oxidation to 3,3-dimethyl-2-(m-tolyl)butan-1-
ol. 1H NMR (CDCl3), δ: 0.89 (s, 9H, CH3, tBu), 2.35 (s, 3H, CH3), 2.65 (m, 1H, CH), 4.01 
(m, 2H, CH2), 7.05-7.2 (m, 5H, CH=). 13C NMR (CDCl3), δ: 21.6 (CH3), 28.4 (CH3, tBu), 
33.0 (C, tBu), 58.9 (CH), 62.6 (CH2), 126.8 (CH=), 128.05 (CH=), 137.7 (C). HRMS 
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calcd. for C13H20O (M+): 192.1514; found: 192.1512. Ee determined by GC using CP-
Chirasil-Dex CB column (90 kPa H2, 110 °C isotherm). tR 20.1 min (S); tR 21.9 min (R). 
 
4,4,5,5-Tetramethyl-2-(3,3,3-trifluoro-2-(4-methoxyphenyl)propyl)-1,3,2-
dioxaborolane (1k). 1H NMR (CDCl3), δ: 1.03 (s, 6H, CH3, Bpin), 1.09 (s, 6H, CH3, 
Bpin), 1.40 (m, 2H, CH2), 3.54 (m, 1H, CH), 3.79 (s, 3H, CH3O), 6.84 (d, 2H, 3JH-H= 8.4 
Hz, CH=), 7.23 (d, 2H, 3JH-H= 8.4 Hz, CH=). 13C NMR (CDCl3), δ: 24.3 (CH3, Bpin), 24.4 
(CH3, Bpin), 44.8 (q, CH, 3JH-F= 28.1 Hz), 55.2 (CH3O), 83.0 (C, Bpin), 113.6 (CH=), 
128.5 (d, C, JC-F = 29.7 Hz), 128.7 (C), 130.0 (CH=), 159.2 (C). HRMS calcd. for 
C16H22BF3O3 (M+): 330.1614; found: 330.1612. Enantiomeric excesses determined after 
oxidation to 3,3,3-trifluoro-2-(4-methoxyphenyl)propan-1-ol. 1H NMR (CDCl3), δ: = 3.45 
(m, 1H, CH), 3.8 (s, 3H, CH3O), 3.98 (m, 1H, CH2), 4.16 (m, 1H, CH2), 6.92 (d, 2H, 3JH-
H= 8.4 Hz, CH=), 7.25 (d, 2H, 3JH-H= 8.4 Hz, CH=). 13C NMR (CDCl3), δ: 51.5 (q, CH, JC-
F = 25.4 Hz), 55.2 (CH3O), 61.2 (CH2), 114.3 (CH=), 124.6 (d, C, JC-F = 30.2 Hz), 130.2 
(CH=), 159.7 (C). HRMS calcd. for C10H11F3O (M+): 220.0711; found: 220.0712. Ee 
determined by GC using CP-Chirasil-Dex CB column (90 kPa H2, 110 °C isotherm). tR 
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7.aAsymmetric Ni-catalyzed 1,2-addition of organoaluminum 




The addition of carbon nucleophiles to carbonyl compounds such as aldehydes, is one of 
the most fundamental transformation for organic synthesis. The formed stereogenic 
secondary alcohols are interesting building blocks for fine chemistry. The use of lithium 
and magnesium organometallic species, which are too reactive and can react without 
the presence of the chiral catalyst, had led to low enantioselectivities. In contrast, 
diorganozinc reagents are less reactive and its addition to carbonyl compounds can be 
therefore asymmetrically catalyzed by a metal. Nevertheless, diorganozinc are quite 
expensive and in addition, important and valuable organozinc reagents, such as, ZnMe2, 
are not very reactive. The reactivity of triorganoaluminum reagents is found between 
those two organometallic groups. They slowly react with carbonyl groups and they also 
show tolerance to diverse functional groups. Another advantage is the low price of 
unfunctionalized trialkylaluminum reagents (AlR3, R= Me, Et, nPr, nBu,…), because they 
can be easily produced on an industrial scale by reaction of aluminum hydride and 
olefins. Despite these advantages, only few examples of 1,2-addition of organoaluminum 
compounds to carbonyls have been reported in the literature. In this respect, only Ti- 
and Ni-catalyst precursors have been successfully used for the 1,2-addition of 
triorganoaluminum reagents to aldehydes. Catalysts based on titanium complexes 
usually provide high enantioselectivities, but the high catalyst loadings (10-20 mol%) as 
well as the slow turnover rate, hamper their potential utility. These drawbacks can be 
overcome by using Ni-catalysts. In this context, the first breakthrough was presented in 
2005 by Woodward et al. They applied binaphthyl-based phosphoramidites in the Ni-
catalyzed 1,2-addition of trialkylaluminum reagents to aldehydes. Excellent conversions 
and enantioselectivities (81-95% ee) were obtained with either electron-rich or electron-
deficient benzaldehyde derivatives.  
Later, our group in collaboration with Woodward group disclosed that sugar-based 
phosphite ligands can also be used, providing high enantioselectivities (ee’s up to 91%). 
Our group also showed that furanoside phosphite-phosphoramidite and 
diphosphoramidite ligands can be used in the Ni-1,2-addition to aldehydes, achieving 
enantioselectivities up to 84% using benzaldehyde.  
For this purpose, in the following sections we present the application of PHOX-type 
ligands (L3 and L5-L7a-c; Section 7.2) and second the generation of phosphite-
oxazoline ligands (L9-L14a-c; Section 7.3) to the asymmetric Ni-catalyzed 1,2-addition 
of trialkylaluminum reagents to aryl aldehydes, with different electronic and steric 
properties. All results presented in Sections 7.2 and 7.3 are preliminary, demonstrating 
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the potential ability of those Ni-phosphite-oxazoline systems to catalyze the addition of 
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7.2. First PHOX-based phosphite-oxazoline applied to asymmetric Ni-
catalyzed 1,2-addition of triorganoaluminum to aldehydes 
 
Magre, M.; Pàmies, O.; Diéguez, M. Preliminary results 
 
Abstract: PHOX-based phosphite-oxazoline ligands L3 and L5-L7a-c have been tested in the 
enantioselective Ni-catalyzed 1,2-addition of triorganoaluminum reagents to aldehydes. 
Excellent yields (up to 93%) and moderate enantioselectivities (up to 62% ee) have been 




The value of enantiopure alcohols lies mainly in their use as valuable building blocks for 
the synthesis of natural, pharmaceutical and agricultural products. 1  The catalytic 
asymmetric addition of organoaluminum reagents to aldehydes can provide a potencial 
synthetic tool for the preparation of these compounds.1 Lithium and magnesium 
organometallic species are too reactive and its addition is very difficult to be 
stereocontrolled by a transition metal catalyst. On the other hand, diorganozinc are less 
reactive, and although they have been widely and successfully used, their high price 
makes them not very attractive from an industrial point of view.2 The reactivity of 
triorganoaluminum reagents is found between those two organometallic groups 
explained above. Thus, not only trialkylaluminum reagents slowly react with carbonyl 
groups3 but also they show a higher functional group tolerance than their magnesium 
and lithium analogues.4 An additional advantage is the low price of unfunctionalized 
organoaluminum compounds (AlR3, R= Me, Et, nPr, nBu,…), which can be easily 
produced.5  
Despite all these advantages, only few examples of 1,2-addition of organoaluminum 
compounds to carbonyls have been reported in the literature.6-10 In this respect, only    
Ti-6 and Ni-based7-10 catalysts have been used for the 1,2-addition of triorganoaluminum 
reagents to aldehydes. 6, 7, 8, 9,10 
In 2005, Woodward et al. discovered that nickel-based catalysts can allow high 
enantioselectivities at low catalyst loadings (0.05–1 mol%), thus overcoming the 
previously used Ti-catalysts’ main drawback of requiring high catalyst loadings (10–20 
mol %).6 The new Ni-catalysts afforded excellent conversions and enantioselectivities 
(81-95% ee) for electron-rich and electron-deficient aryl-aldehydes.7  
Later, our group in collaboration with Woodward group successfully applied 
monophosphite ligands derived from sugar scaffolds, achieving excellent 
enantioselectivities (ee’s up to 91%).8,9 Our group also reported the application of 
bidentate ligands containing phosphite and phosphoramidite moieties. That work 
represented the first application of bidentated ligands in the Ni-catalyzed asymmetric 
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1,2-addition of triorganoaluminum reagents to aldehydes, which opens the Ni-catalyzed 
1,2-addition to the use of bidentated ligands. 
Here we present the application of PHOX-based phosphite-oxazoline ligands L3 and L5-
L7a-c (Figure 7.2.1) which have been previously synthesized and successfully applied 
in several metal-catalyzed reactions (see Chapters 3, 5 and 6).11 
 
 
Figure 7.2.1. PHOX-based phosphite-oxazoline L3 and L5-L7a-c. 
 
7.2.2. Results and discussion 
7.2.2.1. Asymmetric addition of AlMe3 to benzaldehyde 
 
First, we screened ligands L3 and L5-L7a-c using benzaldehyde as benchmark substrate 
and AlMe3 as alkylating agent following already reported conditions (Table 7.2.1).8-10 
Results showed that both enantioselectivities and yields are not dependent on ligand to 
metal ratio. Thus, using 0.5 eq or 2 eq of ligand neither yields nor enantioselectivities 
changed, suggesting that the phosphite-oxazoline ligands coordinates in a bidentate 
manner (entries 1 vs 2 and 3). Then, we evaluated the influence on the catalytic 
performance of replacing achiral biphenyl phosphite moiety (a) by a chiral binaphthyl 
moiety (b and c). Results showed that the presence of a chiral biaryl phosphite moiety 
has a positive effect on enantioselectivity (entry 4 and 5 vs 1). The results also indicated 
that the configuration of the product alcohols is controlled by the configuration of the 
biaryl phosphite. So, both enantiomers of the secondary alcohol are easily accessible in 
similar levels of enantioselectivities. After ligand evaluation, we found that ligands             
L6b-c, containing a methylene spacer between the oxazoline and the phenyl ring of the 
ligand and an isopropyl substituent in the oxazoline, provided the highest 
enantioselectivities, achieving both enantiomers in moderate enantioselectivities (up to 
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Table 7.2.1. Screening of L3 and L5-L7a-c in the asymmetric Ni-catalyzed 1,2-addition 
of AlMe3 to benzaldehyde. 
 
Entrya Ligand L/Ni % Convb % Yieldc % eed 
1 L3a 1 100 91 4 (R) 
2 L3a 0.5 100 89 4 (R) 
3 L3a 2 100 90 4 (R) 
4 L3b 1 99 89 28 (S) 
5 L3c 1 70 62 33 (R) 
6 L5a 1 100 93 8 (R) 
7 L5b 1 100 91 24 (S) 
8 L5c 1 100 92 24 (R) 
9 L6a 1 100 94 1 (R) 
10 L6b 1 100 91 50 (S) 
11 L6c 1 99 93 55 (R) 
12 L7a 1 100 90 2 (S) 
13 L7b 1 100 91 37 (S) 
14 L7c 1 100 88 27 (R) 
a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlMe3 (2 equiv.), substrate (1 mmol), 
THF (8 mL). b % Conversion determined by GC after 3 hours. c Isolated yield. d Enantiomeric 
excess measured by GC using Cyclodex-B column. 
 
7.2.2.2. Asymmetric addition of several aluminum reagents to a range of 
benzaldehyde-type aldehydes. 
 
We, then decided to study the substrate scope with ligands L6b and L6c. The results 
are summarized in Table 7.2.2. The replacement of AlMe3 by bulkier AlEt3 had no effect 
on the catalytic performance, maintaining both conversions and enantioselectivities. In 
contrast, the use of air-stable DABAL-Me3 showed slight lower conversions and 
enantioselectivities. The lower enantioselectivity when using DABAL-Me3 can be 
explained because the reaction is carried out at higher temperature than with AlMe3. 
Then we studied if the electronic modification on the aryl group could have any influence 
on the reaction performance. We found that the introduction of an halide on the aryl 
substituent (S2-S3 and S7; entries 2, 3 and 7) has no effect on both yield and 
enantioselectivities. Nevertheless, the presence of a strong donating group, such as a 
methoxy group (substrate S4), had a slight negative effect on enantioselectivity (from 
53% ee for S1 to 48% ee for S4; entry 1 vs 4). On the other hand, the reaction with 
substrate S5, containing electronwithdrawing p-CF3 substituent, proceeded with higher 
enantioselectivities than S1 (ee’s up to 61%, entry 5).   
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Table 7.2.2. Substrate scope using L6b and L6c in the asymmetric Ni-catalyzed 1,2-addition 
of triorganoaluminum reagents to aldehydes. 
   AlMe3a AlEt3a DABAL-Me3b 




























































































































































































a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlR'3 (2 equiv.), substrate (1 mmol), THF (8 
mL). b Reaction conditions: T= 5 oC, [Ni(acac)2] (1 mol%), DABAL-Me3 (1.2 equiv.), substrate (1 
mmol), THF (8 mL). c % Conversion determined by GC after 3 hours. In brackets are shown the yields 




Sterics on the aryl moiety have shown no influence on the catalytic performance (entries 
8-11). The use of substrates S8 and S9, with meta substituents, and ortho substituted 
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substrates S10 and S11 provided therefore similar levels of enantioselectivity than S1 
(entries 8-11). 
7.2.3. Conclusions 
We have applied the PHOX-based phosphite-oxazoline ligands L3 and L5-L7a-c in the 
asymmetric Ni-catalyzed 1,2-addition of triorganoaluminum reagents to aldehydes. We 
have found that enantioselectivity is mainly affected by the phosphite moiety. The use 
of chiral biaryl phosphite moiety not only has a positive effect on enantioselectivity but 
also it allows to achieve both enantiomers of the product by simply changing the 
configuration of the biaryl moiety. Enantioselectivities up to 62% ee were achieved using 
ligands L6b and L6c. 
The results also indicate that the catalytic performance is hardly affected by either the 
triorganoaluminum source or the electronic and steric demand of the substrate. Thus, 
moderate enantioselectivities were achieved using a range of benzaldehydes and 
different trialkylaluminum reagents such as AlMe3, AlEt3 and air-stable DABAL-Me3. 
7.2.4. Experimental section 
7.2.4.1.  General Considerations 
All syntheses were performed by using standard Schlenk techniques under an argon 
atmosphere. Solvents were purified by standard procedures. The synthesis of ligands L3 
and L5-L7a-c has been previously described in Section 3.3. All other reagents were used 
as commercially available. 
7.2.4.2. Typical procedure for the Ni-catalyzed enantioselective 1,2- addition of 
trialkylaluminum reagents to aldehydes 
[Ni(acac)2] (2.4 mg, 9.32 μmol, 1 mol %) and the corresponding ligand (9.32 μmol, 1 
mol %) were stirred in dry THF (8 mL) under an argon atmosphere at -20 ⁰C for 10 min. 
Neat aldehyde (1 mmol) was then added and trialkylaluminum (2 mmol) was added 
dropwise over 10 min. After the desired reaction time, the reaction was quenched with 
2 M HCl (8 mL). Then, dodecane (80 L) was added, the mixture was extracted with Et2O 
(10 mL) and the organic layer was dried over MgSO4. Conversions and 
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7.2.4.3. Typical procedure for the Ni-catalyzed enantioselective 1,2-addition of 
DABAL-Me3 to aldehydes 
 
[Ni(acac)2] (2.4 mg, 9.32 μmol, 1 mol %) and the corresponding ligand (9.32 μmol, 1 
mol %) were stirred in dry THF (8 mL) under an argon atmosphere at 5 ⁰C for 10 min. 
Neat aldehyde (1 mmol) was then added and DABAL-Me3 (336 mg, 1.3 mmol, 1.3 equiv) 
was added over 10 min. After the desired reaction time, the reaction was quenched with 
2 M HCl (8 mL). Then, dodecane (80 L) was added, the mixture was extracted with Et2O 
(10 mL) and the organic layer was dried over MgSO4. Conversions and 
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7.3. Phosphite-oxazoline ligands containing an alkyl backbone chain 
for Ni-catalyzed enantioselective 1,2-addition of triorganoaluminum 
reagents to aldehydes. 
 
Magre, M.; Pàmies, O.; Diéguez, M. Preliminary results 
 
Abstract: Herein we report the application of a new family of phosphite-oxazoline ligands L9-
L14a-c to the asymmetric Ni-catalyzed 1,2-addition of trialkylaluminum reagents to 
aldehydes. Excellent yields (up to 93%) and moderate enantioselectivities (up to 64% ee) 
were achieved using a wide range of trialkylaluminum reagents and aryl aldehydes. 
 
7.3.1. Introduction 
1,2-Addition of organometallic reagents to carbonyl compounds constitutes one of the 
most fundamental operations in organic synthesis for the formation of chiral secondary 
alcohols.1 Since many chiral alcohols are highly valuable intermediates for preparing 
chiral pharmaceutical and agricultural products, in this context, catalytic addition of 
dialkylzincs to aldehydes has attracted much attention. 2  Nevertheless, the use of 
trialkylaluminum compounds3 is more interesting than the use of diorganozinc reagents 
because they are economically available in industrial scale from aluminum hydride and 
olefins.4 Moreover, they also show a higher functional group tolerance.5 Despite all these 
advantages, only few examples of 1,2-addition of organoaluminum compounds to 
carbonyls have been reported in the literature.6-10 The mostly used transition metal 
complexes are those based on titanium. They usually afford high enantioselectivities, 
but the high catalyst loadings (10-20 mol%) and the slow turnover rate hamper their 
potential utility.6 More recently, the use of Ni-based catalyst has emerged as an 
alternative to those Ti-catalysts. They provide enantioselectivities similar to those using 
titanium complexes but with low catalyst loadings (1 mol%).7 In this respect, the first 
breakthrough in Ni-1,2 addition of triorganoaluminum reagents to aldehydes was 
presented in 2005 by Woodward et al. with the use of binaphthyl-based 
phosphoramidites. Using benzaldehyde as standard substrate, they determined that 
using either AlR3 or the air stable analogue DABAL-Me3, enantioselectivities were hardly 
changed (88% ee for AlMe3 and 92% for DABAL-Me3 adduct), but yields were, in some 
cases, lower using non-stable triorganoaluminum reagents. Excellent conversions and 
enantioselectivities (81-95% ee) were obtained either with electron-rich or electron-
deficient benzaldehyde derivatives. .6, 7, 8, 9,10 
In 2006, our group in collaboration with Woodward group found that the application of 
sugar-based phosphite ligands provided high enantioselectivity (ee’s up to 91%).8a  Our 
group also demonstrated that bidentate phosphite-phosphoramidite and 
diphosphoramidite ligands can also be applied in this transformation, achieving 
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enantioselectivities up to 84% for benzaldehyde.10 In the last section, we have shown 
that bidentated P,N-ligands can be also used in this transformation, albeit with moderate 
enantioselectivities.  
In this section, we present the application of previously reported phosphite-oxazoline 
L9-L14a-c (Figure 7.3.1) with the purpose of improving the catalytic performance for 
this transformation. 
 
Figure 7.3.1. Phosphite-oxazoline ligands L9-L14a-c applied to Ni-catalyzed 
enantioselective 1,2-addition of triorganoaluminum reagents to aldehydes. 
 
7.3.2. Results and discussion 
7.3.2.1. Asymmetric addition of AlMe3 to benzaldehyde 
 
In a first set of experiments, we screened ligands L9-L14a-c using benzaldehyde as 
benchmark substrate and AlMe3 as alkylating agent following conditions which have been 
already reported by our group (Table 7.3.1).8-10 
As we obtained previously using PHOX-type phosphite-oxazolines (Section 7.2), both 
enantioselectivity and yield are not dependent on the ligand-to-metal ratio (Table 7.3.1, 
entries 2 vs 3 and 4). The results using a full set of ligands indicated that ligands 
containing an enantiopure biaryl phosphite moiety (b and c) provide higher 
enantioselectivities than those with an achiral biaryl phosphite group (a). Substituents 
on the oxazoline have a slight effect on the enantioselectivity, achieving higher levels of 
enantioselectivity with ligands containing less bulky Ph-oxazoline substituent. 
Interestingly, both enantiomers of the secondary alcohol can be obtained using 
diastereoisomeric ligands L9b and L12c (ee’s up to 58%; Table 7.3.1, entries 2 and 13). 
Regarding the substituent on the alkyl chain (Ph, Me and iPr), we found that it had no 
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Table 7.3.1. Screening of L9-L14a-c in the asymmetric Ni-catalyzed 1,2-addition of AlMe3 
to benzaldehyde. 
 
Entrya Ligand L/Ni % Convb % Yieldc % eed 
1 L9a 1 100 94 2 (R) 
2 L9b 1 100 92 58 (S) 
3 L9b 0.5 100 91 57 (S) 
4 L9b 2 100 90 58 (S) 
5 L9c 1 100 93 47 (R) 
6 L10a 1 95 89 2 (R) 
7 L10b 1 100 94 46 (S) 
8 L10c 1 100 90 48 (R) 
9 L11b 1 100 89 39 (S) 
10 L11c 1 100 92 38 (R) 
11 L12a 1 100 92 14 (R) 
12 L12b 1 100 89 47 (S) 
13 L12c 1 100 91 58 (R) 
14 L13b 1 100 89 56 (S) 
15 L13c 1 100 92 48 (R) 
16 L14b 1 100 88 57 (S) 
17 L14c 1 100 90 46 (R) 
a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlMe3 (2 equiv.), substrate (1 mmol), THF 
(8 mL). b % Conversion determined by GC after 3 hours. c Isolated yield. d Enantiomeric excess 
measured by GC using Cyclodex-B column. 
 
 
7.3.2.2. Asymmetric addition of several aluminum reagents to a range of 
benzaldehyde-type aldehydes. 
 
We then applied ligands L9b and L12c using other aldehydes and aluminum reagents. 
The results are summarized in Table 7.3.2. As in previous Section 7.2.2.2, the 
replacement of AlMe3 by bulkier AlEt3 had no effect on the catalytic performance, 
maintaining both conversions and enantioselectivities (table 7.3.2, entry 1), and the use 
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Table 7.3.2. Substrate scope using L9b and L12c in the asymmetric Ni-catalyzed 1,2-addition 
of triorganoaluminum reagents to aldehydes. 
   AlMe3a AlEt3a DABAL-Me3b 




























































































































































































a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlR'3 (2 equiv.), substrate (1 mmol), THF (8 
mL). b Reaction conditions: T= 5 oC, [Ni(acac)2] (1 mol%), DABAL-Me3 (1.2 equiv.), substrate (1 
mmol), THF (8 mL). c % Conversion determined by GC after 3 hours. In brackets are shown the yields 




Then we studied if the electronic modification on the aryl group in the substrate could 
have any influence on the reaction performance. We found that the introduction of an 
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halide on the aryl substituent (S2-S3 and S7; entries 2, 3 and 7) has no effect on both 
yield and enantioselectivity. Nevertheless, the presence of a strong donating group, such 
as a methoxy group (substrate S4), had a slight negative effect on the 
enantioselectivities (ee’s decreased from 53% ee for S1 to 48% ee for S4; entry 1 vs 
4). On the other hand, the reaction with substrate S5, containing electronwithdrawing 
p-CF3 substituent, proceeded with higher enantioselectivities than S1.   
Sterics on the aryl moiety have shown no influence on the catalytic performance (entries 
8-11). The use of substrates S8 and S9 with meta substituents and ortho substituted 




We have applied phosphite-oxazoline ligands L9-L14a-c in the asymmetric Ni-catalyzed 
1,2-addition of triorganoaluminum reagents to aldehydes. We have found that 
enantioselectivity is mainly affected by the phosphite moiety. The use of chiral biaryl 
phosphite moiety has a positive effect on enantioselectivity. Just by using 
diastereoisomeric ligands L9b and L12c, both enantiomers of the secondary alcohol can 
be obtained, albeit in moderate enantioselectivity (ee’s up to 63%) 
The results also indicate that the catalytic performance is hardly affected by either the 
triorganoaluminum source or the electronic and steric demand of the substrate. Thus, 
moderate enantioselectivities were achieved using a range of benzaldehydes and 
different trialkylaluminum reagents such as AlMe3, AlEt3 and air-stable DABAL-Me3. 
Comparing the previously described PHOX-based phosphite-oxazoline L6b and L6c 
(Section 7.2) with phosphite-oxazoline ligands L9b and L12c we found that replacing 
the ortho-phenylene tether by a chiral alkyl chain on the ligand backbone, do not improve 
enantioselectivities.  
 
7.3.4. Experimental section 
7.3.4.1.  General Considerations 
All syntheses were performed by using standard Schlenk techniques under an argon 
atmosphere. Solvents were purified by standard procedures. The synthesis of ligands 
L9-L14a-c has been previously described in Section 3.4. All other reagents were used 
as commercially available. 
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7.3.4.2. Typical procedure for the Ni-catalyzed enantioselective 1,2- addition of 
trialkylaluminum reagents to aldehydes 
[Ni(acac)2] (2.4 mg, 9.32 μmol, 1 mol %) and the corresponding ligand (9.32 μmol, 1 
mol %) were stirred in dry THF (8 mL) under an argon atmosphere at -20 ⁰C for 10 min. 
Neat aldehyde (1 mmol) was then added and trialkylaluminum (2 mmol) was added 
dropwise over 10 min. After the desired reaction time, the reaction was quenched with 
2 M HCl (8 mL). Then, dodecane (80 L) was added, the mixture was extracted with Et2O 
(10 mL) and the organic layer was dried over MgSO4. Conversions and 
enantioselectivities were measured by GC.7a 
 
7.3.4.3. Typical procedure for the Ni-catalyzed enantioselective 1,2-addition of 
DABAL-Me3 to aldehydes 
 
[Ni(acac)2] (2.4 mg, 9.32 μmol, 1 mol %) and the corresponding ligand (9.32 μmol, 1 
mol %) were stirred in dry THF (8 mL) under an argon atmosphere at 5 ⁰C for 10 min. 
Neat aldehyde (1 mmol) was then added and DABAL-Me3 (336 mg, 1.3 mmol, 1.3 equiv) 
was added over 10 min. After the desired reaction time, the reaction was quenched with 
2 M HCl (8 mL). Then, dodecane (80 L) was added, the mixture was extracted with Et2O 
(10 mL) and the organic layer was dried over MgSO4. Conversions and 
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1.  Chapter 3. Asymmetric allylic substitution reactions. The conclusion of this chapter 
can be summarized as follows: 
 
Four different families of phosphite-nitrogen ligands have been synthesized and applied 
to the Pd-catalyzed asymmetric allylic substitution reaction. Moreover, furanoside-based 
phosphite-phosphoramidite ligand library have been applied to the Cu-catalyzed 
asymmetric allylic alkylation. 
 
- In Section 3.2, PHOX-based phosphite-oxazoline ligands L1a, L1f-g have been applied 
to the Pd-catalyzed asymmetric allylic substitution. We have expanded the substrate 
as well as the nucleophile scope for this reaction, based on the previously reported 
work. Moreover, NMR (Nuclear Magnetic Resonance) and DFT (Density Functional 
Theory) have been carried out to fully understand the catalytic behavior of those 
privileged phosphite-oxazoline ligands. Excellent activities, regio- and 
enantioselectivities (up to >99%) have been achieved in several substrate and with a 
wide range of nucleophiles. 
 
- In Section 3.3, we report a reduced but structurally valuable phosphite-oxazoline 
ligand library L5-L7a-c for the Pd-catalyzed allylic substitution of several substrate 
types. These ligands, which are easily accessible in three steps, differ from previous 
phosphite-based PHOX ligands L1 in the presence of a methylene spacer between the 
oxazoline group and the phenyl ring. With these ligands we also studied the effect of 
varying the oxazoline substituent and the biaryl phosphite group. By suitable tuning 
the ligand parameters we have been able to achieve high activities (TOF > 4000 mol 
substrate×(mol Pd×h)-1) and excellent enantioselectivities for a range of hindered 
substrates using a wide range of nucleophiles. We have found that he introduction of 
a methylene spacer has been positive in terms of nucleophile scope. Thus, in contrast 
to the phosphite-based PHOX ligands L1a, L1f-g, a range of aliphatic alcohols with 
different electronic properties could be successfully used as nucleophiles. Nevertheless, 
although good enantioselectivities were also achieved when using unhindered 
substrates, ee’s were lower than with previous PHOX-based ligands L1a, L1f-g. As in 
Section 3.2, the DFT calculations agree with an early TS. 
 
 
- In Section 3.4, we report a third generation of phosphite-oxazoline PHOX-based ligand 
library L8-L14a-c for the Pd-catalyzed allylic substitution of several substrate and 
nucleophile types. These ligands allow us to study the influence of a second 
stereocentre on the ligand backbone, the substituents/configurations on the oxazoline 
group as well as the variation of the biaryl phosphite group, which showed to be crucial 
in terms of enantioselectivity. By suitable tuning the ligand parameters we have been 
able to achieve high activities (TOF > 8000 mol substrate×(mol Pd×h)-1) and excellent 
enantioselectivities (ee’s up to 99%) for a range of hindered and unhindered substrates 
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using a wide range of C, N- and O-nucleophiles. The results compare favorably with 
ligands L1a, L1f-g (Section 3.2). The effect of the substituent at the alkyl chain was 
studied, achieving the highest enantioselectivities with ligands L8 and L13 (ee’s up to 
99%) containing two or one methyl group at the alkyl backbone chain, respectively. 
As in previous Sections 3.2 and 3.3, the DFT calculations agree with an early TS and 
the enantioselectivities can be therefore explained by both the population of the Pd-
3-allyl intermediates and the relative electrophilicity of the allylic carbon atoms. 
 
 
- In Section 3.5, amino-phosphite ligands L15-L20a-g have been successfully applied 
in the Pd-catalyzed asymmetric allylic substitution. We have demonstrated that 
replacing oxazoline by a more robust N-donor group such as amine, excellent 
conversions and enantioselectivities (up to 99%) can be achieved with several 
substrates and nucleophiles. Using DFT calculations we have been able to fully 
understand the influence of the ligand in the enantioselectivity, and therefore 
synthesizing the simplest and most efficient amino-phosphite ligand. 
 
- In Section 3.6, furanoside phosphite-phosphoramidite and diphosphoramidite ligands 
L20-L25a-f have been applied to Cu-catalyzed asymmetric allylic alkylation using non-
stabilized nucleophiles such as Grignard and diorganozinc reagents. Excellent 
regioselectivity was achieved (98% towards branched product) as well as good 
enantioselectivities (up to 78%) for a wide range of cinammyl-type substrates and 
non-stabilized nucleophiles. 
 
2.  Chapter 4. Enantioselective synthesis of -aryl oxindoles via decarboxylative 
protonation. The conclusions of this chapter can be summarized as follows: 
 
We have developed the first catalytic asymmetric preparation of tertiary sterically 
hindered -aryl oxindoles via enantioselective Pd-catalyzed decarboxylative protonation 
of the corresponding -aryl--amido allyl esters. The method utilizes readily accessible 
-aryl--amido allyl esters and commercially available Meldrum’s acid as the proton 
donor. The reaction occurs under very mild conditions and in short reaction times, 
providing excellent yields and promising enantioselectivities (ee’s up to 78%). In 
contrast to the Pd-decarboxylative protonation for synthesizing chiral isoflavanones and 
-aryl cyclic ketones, phosphine-oxazoline PHOX-based ligands have provided low 
selectivity. After the screening of three large series of phosphite-N (N=oxazoline and 
pyridine) ligand families L1-L4a and L26-L37a-e we found that the best results were 
obtained with a readily accessible phosphite-pyridine ligand library L30-L37. The 
introduction of an enantiopure biaryl phosphite moiety played an essential role in 
increasing the enantioselectivity of the Pd-catalytic systems. An important advantage 
over PHOX based-ligands is that these phosphite-pyridine ligands are stable to air and 
therefore easier to handle, manipulate and store. As far as the substrates is concerning, 
for enantioselectivities to be high, the aryl group of the substrate must contain 
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substituents in ortho and para-positions, that are, at the same time, strongly electron 
donating. In this study we have been therefore able to identify a readily accessible 
phosphite-pyridine palladium catalytic system (Pd–30c) that can be used in the 
preparation of hindered and electronrich -aryl onxindole with excellent yields (up to 
96%) and promising enantioselectivities (ee’s up to 78%). Using DFT calculations, we 
have been able to see that the most stable transition state is that in which the 
protonation occurs from the re-face of the prochiral Pd-enolate (TSre-B), providing the 
S-product. 
 
3.  Chapter 5. Asymmetric hydrogenation of olefins. The conclusion of this chapter can 
be summarized as follows: 
 
Two different phosphite-oxazoline ligand families have been synthesized and applied to 
the Ir-catalyzed asymmetric hydrogenation of olefins. 
 
- In Section 5.2, we have successfully applied new Ir(I)-catalyst precursors ([Ir(cod)(L1-
L7a-g)]BArF), modified with easily accessible PHOX-based phosphite-oxazoline ligands 
previously described in Chapter 3, for the asymmetric hydrogenation of demanding 
minimally functionalized alkenes and cyclic -enamides. The catalytic results indicated 
that enantioselectivity is highly affected by the ligand parameters as well as the 
substrate. The new Ir-PHOX-based phosphite-oxazoline catalysts have been able to 
efficiently hydrogenate not only minimally functionalized model olefins, but also a wide 
range of challenging olefins that have recently received a great deal of attention 
because the resulting hydrogenated compounds can be easily stereoselectively 
transformed into high-value organic compounds. The results are among the best 
reported so far. On the other hand, it should be noted the excellent enantioselectivities 
achieved in the hydrogenation of -aryl enamides, which gave access to 2-
aminotetralines and 3-aminochromanes in enantioselectivities up to 99%. 
 
- In Section 5.3, we have successfully applied new Ir(I)-catalyst precursors ([Ir(cod)(L8-
L14a-g)]BArF), modified with easily accessible phosphite/phosphinite-oxazoline 
ligands, for the asymmetric hydrogenation of several substrate types. The ligands used 
differ from previously phosphite-oxazoline PHOX ligands presented in Section 5.2 in 
the presence of an alkyl chain instead of the flat ortho-phenylene tether. The catalytic 
results indicated that enantioselectivity is highly affected by the ligand parameters as 
well as the substrate. By suitable choosing the ligands parameters, however, we have 
been able to achieve high enantioselectivities (typically ee’s>95%) not only for a wide 
range of minimally functionalized tri- and disubstituted olefins, with examples 
containing poorly coordinative groups (i.e. -unsaturated ketones, amides and 
esters, alkenylboronic esters, enol phosphinates, …); but also in the hydrogenation of 
challenging functionalized olefins such as the -aryl enamides, which provide easy 
access to 2-aminotetralines and 3-aminochromanes. 
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4. Chapter 6.  Asymmetric hydroboration of 1,1-disubstituted olefins. The conclusions 
of this chapter can be summarized as follows:  
 
We have identified that privileged phosphite-oxazoline PHOX ligands L1-L4a, d-e can 
be successfully extended to Ir-hydroboration of olefins. A readily accessible Ir-
phosphite/oxazoline PHOX-based catalytic system can hydroborate a range of 1,1-
disubstituted aryl olefins with high enantioselectivity (up to 94%), excellent yields and 
perfect regioselectivity. The new phosphite-oxazoline PHOX-based ligands can efficiently 
hydroborate a broader range of olefins than previous Ir-PHOX catalytic system developed 
by Mazet et al. In particular, we were able to successfully hydroborate a wide range of 
-tert-butylstyrenes, with aryl substituents that have different electronic and steric 
properties, thus complementing the results of Cu-NHC catalysts developed by Hoveyda 
et al., the only other system reported to date that has attempted these reactions. 
Moreover, the introduction of a biaryl phosphite moiety allows for the first time the highly 
regioselective hydroboration of aryl/trifluoromethyl olefins. Another advantage over 
previous PHOX ligands is that the new ligands are stable to air and therefore easier to 
handle and can be manipulated and stored in air. This contribution opens up the path for 
the synthesis of new Ir phosphite-based catalysts for the challenging hydroboration of 
1,1-disubstituted olefins.  
 
5. Chapter 7. Asymmetric Ni-catalyzed 1,2-addition of organoaluminum reagents to 
aldehydes. The conclusions of this chapter can be summarized as follows: 
 
In Chapter 7, we have applied two families of phosphite-oxazolines to the 
enantioselective Ni-catalyzed 1,2-addition of trialkylaluminum to benzaldehyde-type 
aldehydes. All work in this chapter is presented as preliminary results. 
 
- In Section 7.2, for the first time, PHOX-based phosphite-oxazoline L3, L5-L7a-c have 
been applied to Ni-catalyzed 1,2-addition of trialkylaluminum to aldehydes. Three 
different aluminum sources (AlMe3, AlEt3 and DABAL-Me3) have been studied and 
successfully applied to sterically and electronically different benzaldehyde-type 
aldehydes in high yields and moderate enantioselectivities (94% yield, 62% ee). 
 
- In Section 7.3. we present the application of the previously described phosphite-
oxazoline ligand families L9-L14a-c to enantioselective Ni-catalyzed 1,2-addition of 
triorganoaluminum reagents to aldehydes. As in Section 7.2, three different aluminum 
sources (AlMe3, AlEt3 and DABAL-Me3) have been studied and applied to different 
benzaldehyde-type aldehydes in high yields and moderate enantioselectivities (93% 
yield, 63% ee). 
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9. Resum (Summary) 
El desenvolupament de metodologies per a l’obtenció de compostos enantiomèricament 
purs ha incrementat en les últimes dècades, ja que aquests productes quirals tenen un 
gran impacte en la societat actual perquè són la base de fàrmacs, insecticides, perfums 
i productes naturals, entre altres. En aquest context, la catàlisi asimètrica ha esdevingut 
una eina útil per a l’obtenció d’aquests compostos. Més concretament, la catàlisi 
asimètrica en la que el catalitzador està basat en un centre metàl·lic i un lligand coordinat 
al metall ha estat la tècnica més emprada en els últims anys. Aquests complexos 
organometàl·lics ofereixen propietats molt concretes, com per exemple la seva gran 
selectivitat en els processos enantioselectius i altes activitats per a reaccions 
específiques. La modificació del lligand serà clau per a poder obtenir grans nivells de 
selectivitat i altes activitats; per això els lligands han de ser modulables, la qual cosa 
permetria poder realitzar canvis estructurals del lligand i poder estudiar la seva influencia 
en la reacció, i així saber l’estructura idònia del lligand que aporti millors resultats en la 
catàlisi asimètrica. A part de ser modulable, un lligand també ha de ser fàcil de 
sintetitzar, per donar-li un valor afegit.  
El nostre grup de recerca s’ha especialitzat en la síntesi de lligands fosfit, altament actius 
en diferents reaccions asimètriques catalitzades per metalls de transició. A diferència de 
les fosfines, els lligands fosfit presenten un major caràcter -acceptor i més resistència 
a la oxidació i són fàcilment sintetitzables a partir d’alcohols quirals que es troben a la 
natura, com per exemple aminoalcohols. Un inconvenient dels fosfits és que són 
fàcilment hidrolitzables, però en el nostre grup s’ha vist que aquest factor es pot 
minimitzar introduint grups biaril molt voluminosos. 
En aquest context, aquesta tesi es centra en la síntesi de varies famílies de lligands -
acceptors quirals, que compleixin els requisits esmentats anteriorment, i la seva aplicació 
a reaccions asimètriques d’alt valor industrial i acadèmic: substitució al·lílica catalitzada 
per pal·ladi o coure, reacció de protonació descarboxilativa d’oxindoles catalitzada per 
pal·ladi, hidrogenació d’olefines poc funcionalitzades catalitzada i -enamides cíclques 
per iridi; hidroboració d’olefines catalitzada per iridi i addició de compostos 
organoaluminats a aldehids catalitzada per níquel. Més concretament, s’han sintetitzat i 
aplicat diferents famílies de fosfit-oxazolina, fosfit-amina, fosfit-fosforamidit i fosfit-
piridina. A més a més, en alguns casos s’han realitzat processos de càlcul teòrics DFT 
per a poder realitzar una millor optimització estructural dels lligands aplicats. 
Després de la introducció (Capítol 1) i dels objectius (Capítol 2), es presenten 5 capítols 
basats en 5 reaccions asimètriques catalitzades per metalls de transició.  
 
En el capítol 3, es presenta la síntesi i l’aplicació de 5 famílies de lligands fosfit diferents 
i la seva aplicació a reaccions de substitució al·lílica catalitzada per pal·ladi o coure. 
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El primer apartat d’aquest capítol 3 inclou el manuscrit “Conformational preferences of 
a tropos biphenyl phosphinooxazoline- A ligand with wide substrate scope”, on es descriu 
l’aplicació de lligands fosfit-oxazolina PHOX en la reacció de substitució al·lílica asimètrica 
catalitzada per pal·ladi. S’han obtingut elevades activitats i enantioselectivitats per un 
gran ventall de substrats i nucleòfils (>99% ee). A més a més, gràcies a estudis 
computacionals (DFT) han permès estudiar l’espècie responsable de l’origen d’aquesta 
alta enantioselectivitat. 
 
En el segon apartat del capítol 3 s’inclou el manuscrit “Asymmetric Pd-catalyzed allylic 
substitution using phosphite-oxazoline PHOX-based ligands containing a methylene 
linker”, on es descriu la síntesi i l’aplicació de lligands fosfit-oxazolina basats en 
modificacions dels lligands aplicats a l’apartat anterior. Amb aquesta modificació, s’ha 
pogut estudiar la influència en l’activiat i la selectivitat que té introduir un grup metilè 
com a espaiador entre el fosfit i l’oxazolina. Aquesta modificació, ha permès augmentar 
el nombre de nucleòfils utilitzats, mantenint els grans valor d’enantioselectivitat en molts 
casos. 
 
En el tercer apartat s’inclou el manuscrit “Phosphite-oxazoline PHOX-based ligands 
containing an alkyl backbone chain for asymmetric Pd-catalyzed allylic substitution 
reactions. Study of the key Pd-intermediates”, on es descriu la síntesi i l’aplicació de una 
segona generació de lligands fosfit-oxazolina, en la qual s’ha introduït un segon centre 
quiral a la molècula en comparació a la PHOX fosfit-oxazolina explicada a la Secció 3.2. 
Un gran nombre de substrats i nucleòfils han estat cribats en èxit, obtenint excel·lents 
enantioselectivitats. A més a més, s’han realitzat estudis computacionals mitjançant 
càlculs DFT i estudis de Ressonància Magnètica Nuclear (RMN) els quals han estat claus 
per estudiar l’origen de les enantioselectivitats obtingudes. 
 
En el quart apartat del capítol 3 s’inclou el manuscrit “Alternating theoretical and 
experimental optimization of a new amino-phosphite ligand library for asymmetric Pd-
catalyzed allylic substitution”, on es descriu la síntesi i aplicació de lligands fosfit-amina. 
Aquests nous lligands, són altament estables degut a la major robustesa del grup amina 
respecte al grup oxazolina utilitzats en els apartats anteriors. Gràcies a alternar la 
química computacional i els assajos experimentals s’ha pogut optimitzar l’estructura del 
lligand que ofereix més elevades activitats i enantioselectivitats per un ampli ventall de 
substrats i nucleòfils. A més a més, gràcies a estudis de RMN, hem pogut analitzar els 
intermedis Pd--al·lil i la seves reactivitats, els responsables de les altes 
enantioselectivitats obtingudes. 
 
Per últim, a l’apartat 5 del capítol 3 s’inclou el manuscrit “Furanoside phosphite-
phosphoramidite and diphosphoramidite ligans applied to asymmetric Cu-catalyzed 
allylic substitution reactions”, on s’inclou l’aplicació de lligands bidentats amb esquelet 
furanosa a la reacció de substitució al·lílica asimètrica catalitzada per coure. Aquests 
lligands fosfit-fosforamidit basats en esquelet furanosa han proporcionat elevades 
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regioselectivitats (98:2 cap al regioisòmer desitjat) i enantioselectivitats moderades 
(76% d’excés enantiomèric) en un ventall de substrats tipus cinamil i diferents nucleòfils 
com organomagnesians i diorganozincs.  
 
En el quart capítol es presenten els resultats d’una col·laboració entre el nostre grup de 
recerca i el grup del Prof. Patrick J. Guiry a Dublín, mitjançant una estada de doctorat 
de 3 mesos. En aquest capítol s’inclou el manuscrit “First catalytic asymmetric synthesis 
of sterically hindred tertiary -aryl oxindoles via Pd-catalyzed decarboxylative 
protonation”, on es descriu la aplicació de lligands fosfit-nitrogen, prèviament sintetitzats 
i aplicats en el nostre grup, en la protonació descarboxilativa asimètrica catalitzada per 
pal·ladi. Aquesta reacció s’aplica en substrats del tipus -aril--amido al·lil esters, i 
s’estudia l’influencia de diferents grups aril en la enantioselectivitat del procés. S’han 
obtingut enantioselectivitats prometedores (excessos enantiomèrics fins al 78%) per a 
onxindoles que contenen grups aril molt impedits estèricament i rics en densitat 
electrònica. A més a més, s’han realitzat estudis de càlcul computacional per a poder 
entendre millor l’origen de la enantioselectivitat, ja que hi ha un buit de coneixement en 
aquest camp. Aquest és el primer cas de síntesi enantioselectiva de -aril oxindoles a la 
bibliografia. 
 
En el cinquè capítol es presenta l’aplicació de lligands fosfit-oxazolina, sintetitzats i 
aplicats anteriorment en substitució al·lílica catalitzada per Pd (en el capítol 3), en la 
hidrogenació asimètrica d’olefines catalitzada per iridi. 
 
En el primer apartat s’inclou el manuscrit “Ir-Catalyzed asymmetric hydrogenation of 
olefins using PHOX-based phosphite-oxazoline ligands”, on es descriu l’aplicació dels 
lligands PHOX fosfit-oxazolina, descrits en els apartats anteriors, en la hidrogenació 
d’una gran varietat d’olefines, aconseguint enantioselectivititats molt elevades (fins a un 
excés enantiomeric del 99%) tant en olefines mínimament funcionalitzades com en -
enamides cícliques. 
 
En el segon apartat s’inclou el manuscrit “Asymmetric Ir-catalyzed hydrogenation of 
challenging olefins using phosphite/phosphinite-oxazoline PHOX-based ligands 
containing an alkyl backbone chain”, on es descriu l’aplicació de lligands fosfit-oxazolina, 
prèviament aplicats en substitució al·lílica (Secció 4.4) en la hidrogenació d’un gran 
ventall d’olefines mínimament funcionalitzades. S’han aconseguit excessos 
enantiomèrics elevats de fins al 99% per una gran varietat de substrats. 
 
En el sisè capítol es presenta el manuscrit “Filling the gaps in the challenging asymmetric 
hydroboration of 1,1-disubstituted alkenes with simple phosphite-based 
phosphinooxazoline iridium catalysts” on es descriu l’aplicació de lligands PHOX fosfit-
oxazolina ja descrits en la Secció 3.2 i 5.2, en la hidroboració asimètrica d’olefines 1,1-
disubstitutides catalitzada per iridi. S’han obtingut grans resultats en termes de regio- 
(>99% cap a la posició ) i enantioselectivitat (excessos enantiomèrics fins al 94%), 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN OF TAILOR-MADE CHIRAL LIGAND LIBRARIES FOR C-X BOND FORMING REACTIONS. STUDY OF THE KEY 
INTERMEDIATES BY NMR AND DFT 





sobretot en la hidroboració d’olefines que contenen un grup voluminós tert-butil en la 
posició 1. Anteriorment  ja s’havia aplicat lligands fósfor-nitrogen en la hidroboració 
d’olefines 1,1-disubtituides, però el lligand utilitzat (PHOX phosphina-oxazolina) només 
proporcionava elevades enantioselectivitats quan grups poc voluminosos, com per 
exemple un grup metil, en a la posició 1 de l’ olefina.  
 
Finalment en el setè capítol, basat en resultats preliminars, es presenta l’aplicació de 
lligands basats en l’estructura PHOX fosfit-oxazolina i la família de lligands fosfit-
oxazolina resultant de la seva modificació en la addició asimètrica de compostos 
organoaluminats a aldehids catalitzada per níquel.  
 
La primera part inclou el manuscrit “First PHOX-based phosphite-oxazoline applied to 
asymmetric Ni-catalyzed 1,2-addition of triorganoaluminum to aldehydes”, en la que es 
descriu l’aplicació de lligands PHOX fosfit-oxazolina en la addició de compostos 
organoaluminats, com per exemple AlMe3, AlEt3 i DABAL-Me3, a aldehids del tipus 
benzaldehid i derivats electrònics i estèrics d’aquest. S’han obtingut moderades 
enantioselectivitats (62% d’excés enantiomèric), essent uns resultats prometedors, 
degut a l’escassa aplicació del lligands bidentats fòsfor-nitrogen en aquesta 
transformació. 
 
La segona part inclou el manuscrit “Phosphite-oxazoline ligands containing an alkyl 
backbone chain for Ni-catalyzed enantioselective 1,2-addition of triorganoaluminum 
reagents to aldehydes”, en la que es descriu l’aplicació de lligands fosfit-oxazolina que 
contenen una cadena alquílica (prèviament descrits a la Secció 3.4 i 5.3). Com en 
l’apartat anterior, s’ha estudiat l’addició de diferents compostos alquilalumini a un ampli 
rang d’aldehids, obtenint excessos enantiomèrics de fins al 64%.  
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